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MPEJIMET:

Mo.10a 3a MOKpeTame NOCTYIIKA 3a CTHIAaIb€ 3Baha BHIIIH HAYYHH CapaJlHHK

Mosnum Hayuno Behe MncrutyTa 3a pusuky y beorpany aa, y cknaay ¢ [IpaBUuIHHKOM O MOCTYIKY
M HaYMHy BpE/HOBAbA M KBAHTHTATHBHOM HCKa3WBalby Hay4YHO-UCTPAOXKMBAYKUX pesy/irara
MCTpaXKMBaua, OKPEHe MOCTYMaK 3a MOj H300p y 3Bare BUILM HAYy4YHH CapajHHK.

Y npuiory 10CTaBibaM:

. buorpadcke nonarke

. Ilpernies HayuHe akTHBHOCTH

. EnlemMenTe 3a KBAJIMTATUBHY OLIEHY HAay4yHOT JIONPHHOCA

. EnleMenTe 3a KBAHTUTATHBHY OLIEHY HAay4HOT JIONPHHOCA
. Cnicak 06jaB/beHUX PajioBa U IbHXOBE KOIHje

. [logaTke o HUTHPAHOCTH

. DoTOKOMH]Y pelIeha O NPETXOAHOM H300py Yy 3Bambe

. JlonatHe npuiore

O 00 1Oy e —

C nowroBameM,

. Munubeme pykoBoHOI@ POjeKTa ca MpeUIoroM 4iaHoBa KOMHCH]e
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ap Munan Pagowuh
HAy4YHU CapajHHK,

Wuctutyt 3a pusuxy y beorpany
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Hayunom Behy UuerutyTa 32 pusuky y beorpany

IIpeaver: Mum/beme pykoBoaHoONna npojeKkTa o u3dopy aAp Munana Pajomunha y 3Bame
BHIIIK HAYYHH CapaJHUK

Hp Munan Panomwnh je 3anocnen y Jlabopatopuju 3a npuMeHy padyHapa y Hayild, y OKBHPY
Harmmonannor neHTpa u3y3eTHHX BPeHOCTH 3a M3y4aBambe KOMIUIEKCHHX cucteMa MHcTuTyTa
3a (u3uKy y beorpaay u aHraxoBaH je Ha IPOjEeKTYy OCHOBHUX MCTpakuBama MHHHCTapCTBaA
MpOCBeTE, HayKe M TeXHoJowKor paspoja Penybimke Cpbuje OH171017. mox HazuBom
"Mojienpame 1 HyMepruYKe CUMYyJIalfje CI0KEHUX BUIICYeCTUYHUX (Pu3HUKUX cuctema”. Ha
MOMEHYTOM MPOJEKTY palu HA TeMama Be3aHMM 3a [poyvaBambe bo3e-AjHIITajH KOH/IeH3aLmje,
yTHIIaja AMHAMUYKOr Heypehewa M OTBOPEHHMX KBaHTHHUX cucTeMa. C 003MpOM Ja HCIymapa
cBe npeasuhene yciose y ckiaany ca [IpaBuiTHMKOM O MOCTYNKY, Ha4YMHY BpeIHOBamba M
KBAHTUTAaTUBHOM MCKa3HMBalby HAyYHOMCTPAKMBAYKHUX pe3yirata ucTpakuBaya MITHTP,
carijacan caMm ca [IOKpeTameM MocTynka 3a n3dop JAp Munana Pagowuha y 3Bame Buiu
Hay4YHH capajHUK.

3a cactas komucuje 3a u3dop aAp Mwuiana Pajnowuha y 3Bambe BHIIM HAyYHHM CapajHHUK
MpeUtaKeM:

(1) np Antyn banax, Hayunu caBeTHUK, MHCTUTYT 3a usuky y beorpany

(2) np MBana Bacuh, Bumm nayunu capajgnuk, MactutyT 3a ¢usuky y beorpaay

(3) ap Josana Ilerposuh, Buiny Hayunu capajHuk, MHCTUTYT 3a HyKIeapHe Hayke "BuHua"
(4) np bpanucias Jesenkouh, HayYyHH CaBETHUK Y NEH3UjU, JonucHu wiaH CAHY

PykoBoauarg npojeKTa

Jp AHtyH banaxk
Hay4YHH CaBETHUK



2. buorpadckn noganu KaHAUAATA

Munan Pagowuh je pohen 14. jyna 1983. romune y Cmenepesckoj Ilanannu. 3aBpmuo je [IpBy
KparyjeBauky rumHazujy 2002. roguHe kao MaTypaHT reHepalyje U ocBajay OpoH3aHe MeJajbe Ha
33. Mehynapoanoj onumnujaau u3 Gusuke. OcHoBHE cTyauje Ha Pusznyukom (dakynrery y beorpany,
cmep Teopujcka u excriepuMeHTanHa (usuka, 3apimo je 2007. roguHe Kao CTYACHT TeHepaluje
npoceyraoM orieHoM 10.00, ogOpaHuBIIM JAUIIIOMCKH paj Ha Temy ‘‘Keammuu Xonoe egexam y
epagheny” mon pykoBojcTBOM Jp Mumuiie MunoBanoBuh. Tokom cTyamja OMO je CTUIEHIUCTA
MunucrapcTBa Hayke U TexHosnoruje Pemyonuke CpOuje. JJoKTOpCKy aucepTainujy moj HacIoBOM
“Electromagnetically induced coherent effects in laser excited Raman resonances in rubidium
vapor” ypaamo je 1moja pyKoBoACTBOM Jp bpanucnasa JenenkoBuha u ogbpanno 2013. ronune Ha
®dusnukoMm Pakynrery YHupep3utera y beorpany. JlIoOMTHUK je U ToauIimke Harpaae MHcTtuTyTa 3a
¢usuky y beorpany 3a Haj00JbY TOKTOPCKY IUCEPTALIN]Y OJOpa-EHY TOKOM KaJeHIapCcKe roaune. Y
nepuony on cenremOpa 2015. mo meuem6pa 2017. rogmne, Mwunan Pagowuh je pammo kao
MOCTAOKTOPCKM HMCTpakuBad y rpymu npod. np Pwimna Banrepa na ®Pakynrery 3a ¢GU3MKY
VYuusep3uteta y beuy. On janyapa 2018. ronune 3amnodeo je qabe NOCTIOKTOPCKO YCaBPIIABAKE Y
rpynmu npod. np Cebactujana Erepra na Opceky 3a ¢u3uky TeXHHYKOr YHHUBEp3UTETa Y
Kajzepcnayrepny y Hemaukoj.

Toxom 2008. ronune Munan Panomuh je kao moxkTopana-ctuneHancTa MUHHUCTapCTBa HayKe
u texHosoruje Pemybmmke CpOuje yuecTBoBao y paay LlenTpa 3a potonuky MHcTHTYTA 32 QUBHKY
y beorpany. On 1. janyapa 2009. 3amocieH je y UCTOM ILIEHTPY Kao HCTpaKUBau-IPUIIPABHHUK.
®debpyapa 2010. rogune je m3abpaH y 3Bame ucTpaxkuBad-capagHuk. Ox 2009. rogure mo 2011.
rOJMHE KaHJUAaT paJu Y OKBUPY MpojekTa MUHKMCTapCTBa HAyKe M TEXHOJIOMIKOT pa3Boja Op. 141003
“KBaHTHa 1 on'THYKa HHTEphepomMeTprja”, Mo pyKoBoACTBOM 1p bpanucnasa Jenenkosuha. Tokom
HapeHOT MPOjeKTHOT LMKJITyca, o1 janyapa 2011. no nenem6pa 2017. ronune, 610 je 3amocieH Ha
npojektumMa MunucrapcTBa npocere U Hayke Op. UMN45016 “Tlpoaykumja u kapakTtepusalnuja
HaHO-(OTOHUYHHUX (PYHKIIMOHAIHUX CTPYKTypa y OMO-MEIUIMHU U UHPOpMaTUIK (PyKOBOAMIIALL
np bpanucnas Jenenkosuh) u 6p. OH171038 “Xonorpadcku MeTo1 3a TEHEPUCAHE CTICTTMPUIHUX
TanacHUX (POHTOBA 3a e(PUKACHY KOHTPOJY KBAHTHUX KOXEPEHTHHX edekara y MHTepaKI1ju aToMa
u nacepa”’ (pykoBoaunai ap Jejan Ilantenuh) ca mo 6 uctpaxkuBau-mMecenu. Y 3Bambe HAyYHOT
capasiHuKka u3abpas je 26. ¢pedpyapa 2014. ronune. [loueBmm ox 20. neuembpa 2017. roaune ap
Munan Papowuh pamu y JlaGoparopuju 3a mpumMeHy padyHapa y Hayuu y okBupy lLlenTpa 3a
U3yyaBame KOMIUIEKCHHX cuctemMa WMHctuTyTa 3a ¢usuky y beorpany, y okBupy mpojekra Op.
OH171017 “Mopenupatbe U HYMEpPUUKE CHUMYJAlMje CI0KEHMX BHIIEYECTUYHUX cHucTteMa’
(pyxoBoamnan ap AutyH banax). Kanaunat je Takole yuectBoBao y npojekruma NAI-DBEC, IBEC
u BEC-L OunarepanHe capaame MUHHCTapCTBAa TMPOCBETE, HAYKE M TEXHOJIOJOUIKOT pa3Boja
Peny6nuke Cp6uje n Hemauke areniyje 3a akagemMcky pasmeny (DAAD) Tokom nepuosaa 2013-2014,
2015-2016. 1 2017-2018. roguHe, pecrieKTUBHO, KOjUMa je pykoBoauo 1p AHTYH bamax. Ocum Tora,
610 je u ydecHuK OmnatepanHor ucrpaxuBaukor SCOPES npojekra Op. 27370 152511 uzmeby
HNucturyra 3a ¢usuky y beorpanmy m JlaGoparopuje 3a BpemeHCKe M (DpEKBEHTHE CTaHIapje
VYuusepsutera y Hojmareny y llIBajuapckoj Tokom 2014. u 2015. ronune.

I'maBHe Hay4yHe TeMme KaHJuaaTa Cy NMpoydyaBambe KOXEPEHTHUX M HEIWHEeapHUX edekara y
KBaHTHO] onTuliM, bo3e-AjHIITajH KOHIEH3aTa (POTOHA, OTBOPEHUX KBAaHTHUX CHUCTEMA, XUOPUTHUX
KBaHTHO-KJIACUYHHMX CHCTEMa M MaKpOCKOIICKUX KBAaHTHHUX CHCTeMa. Y TPEHYTKY MOJHOIICHa OBOT
u3BeTaja, Munan Pagowuh je koayrop ykynHo 47 panoBa y MehyHapoaHum yaconucuma ca ISI
mmcTe, o Kojux 16 y kareropuju M21a, 11 y kareropuju M21, 4 y kateropuju M22, 4 y kareropuju
M23 u 12 y xateropuju M33. Ykynan Opoj nurara pajgona kanauzaara je 166 (100 He pauynajyhu
caMmornurare), ca XupuoBuM uuaekcom 8. [Ip Munan Panowmuh HayuHy capaamy ca rpynama u3
Hemauke u Ayctpuje. bro je MeHTOp 32 M3pany nokropcke nucepranuje Mahutu Anhena (Maggitti
Angelo), onOpamene 2016. ronune Ha @usnukoM (akynrery YHuBepsutera y beorpany.



3. HPEI'VIEJJ HAYYHE AKTUBHOCTH

HayuHo-ucTpakuBauka akTUBHOCT KaHAUAATa 00yXBaTa MpoyyaBame:
® KOXEPEHTHMX U HEJIMHEapHHUX edeKaTa y KBAaHTHO] ONTHUIH,
e XUOpPUAHUX KBAHTHO-KJIACHYHHUX CHCTEMA,
® OTBOPEHHX KBAaHTHHX CHUCTEMA,
® MAaKpOCKOIICKUX KBAHTHUX CHCTEMa,
e boze-Ajumraju koHaeH3aTa (hOTOHA.

Y HapemHUM oOJieJbIlMMa YKPATKO Cy MPHKA3aHU TJABHU HAYyYHHW PE3yNTaTd JOOUjEHU Y OKBUPY
HaOpOjaHHUX TeMa.

3.1 KoxepeHTHH U HeJIMHeapHU e()eKTH Y KBAHTHOj ONITUIH

[TpunrkoM UHTEpaKLKje aTOMa ca CJI0KEHOM CTPYKTYPOM €HEPI'HjCKUX HUBOA U JIACEPCKE CBETIIOCTH
MOTY C€ HCIOJBHTH Pa3IMYUTH HEJNWHEapHU M KoxepeHTHH edektu. Toxom paga Ha CBOjoOj
JOKTOPCKO]j AUCEPTALMjH KaHAKUAT je IpoyyaBao U 0aBUO Ce TEOPHjCKO-HYMEPUUKUM MOJICIUPAbEM
eJIEKTPOMArHeTCKH WHAYKOBaHE TpAHCIAPEHIIMje, €JIEKTPOMArHeTCKM WHIYKOBaHE arCopIIHje,
HeJIMHeapHe MarHeto-onTuuke potauuje u llltapkosor Op3or aaujadbarckor npenasa. Mcnutubas je
yTULaj nmpoduia MHTEH3UTETa JAacepPCKOr CHONAa Ha TOMEHYTe e(eKTe Yy TepPMaTHHM aTOMCKHM
napama pyouaujyma. Ysumajyhu y o63up Aerasbe cioxkeHe XxuneppuHe CTpyKType pyouaujyma u
peanicTUYHE MapaMeTpe CHCcTeMa KaHIUAAT j€ pa3BUO TEOPH)CKU MOJEI KOjH j€ YCHEIIHO OIHICa0 U
pasjacHuo exkcriepuMmenTe ypahene y Llentpy 3a ¢poronuky MHctutyTa 3a husuky. Pazsujenu moxen
je omoryhuo yBuj y pa3iuuuTe TUIOBE KOXEPEHTHE €BOJIYLMj€ aTOMa MPWINKOM MHTEpaKiMje ca
JacepCKUM CHOIMOBHMMa pa3zauuuTHX mnpopuia. Takohe je ycmemHo NpUMEHEH y KacHHUJUM
HCTpaXMBamkbUMa TMPOCTOPHO M BPEMEHCKH OJBOJEHUX Jacepckux molyna y T3B. Pam3ujeBoj
KoHUrypauuju. IlpeTxonHo moMeHyTH pe3yiTaTH cy cajpxaj pajoBa:

e M. Radonji¢, D. Arsenovi¢, Z. Gruji¢, and B. M. Jelenkovi¢, Coherent population trapping
linewidths for open transitions: Cases of different transverse laser intensity distribution, Phys.

Rev. A 79, 023805 (2009),

e A.J. Krmpot, S. M. Cuk, S. N. Nikoli¢, M. Radonji¢, D. G. Slavov, and B. M. Jelenkovi¢,
Dark Hanle resonances from selected segments of the Gaussian laser beam cross-section, Opt.
Express 17, 22491 (2009),

e A.J.Krmpot, S. M. Cuk, S. N. Nikoli¢, M. Radonji¢, Z. D. Gruyji¢, and B. M. Jelenkovi¢, Laser
Beam Profile Influence on Dark Hanle Resonances in Rb Vapor, Acta Phys. Pol. A 116, 563
(2009),

e M. M. Mijjailovi¢, Z. D. Gruji¢, M. Radonjié, D. Arsenovi¢, and B. M. Jelenkovi¢, Nonlinear
magneto-optical rotation narrowing in vacuum gas cells due to interference between atomic
dark states of two spatially separated laser beams, Phys. Rev. A 80, 053819 (2009),

e Z.Gruji¢, D. Arsenovi¢, M. Radonji¢, M. Mijailovi¢, and B. Jelenkovi¢, Numerical simulation
of Raman resonance due to the Ramsey interference induced by thermal motion of atoms, Phys.
Scr. T135, 014026 (2009),

e S. M. Cuk, M. Radonji¢, A. J. Krmpot, S. N. Nikoli¢, Z. D. Gruji¢, and B. M. Jelenkovi¢,
Influence of laser beam profile on electromagnetically induced absorption, Phys. Rev. A 82,
063802 (2010),

e A.J. Krmpot, M. Radonji¢, S. M. Cuk, S. N. Nikoli¢, Z. D. Gruji¢, and B. M. Jelenkovic¢,

Evolution of dark state of an open atomic system in constant intensity laser field, Phys. Rev. A
84, 043844 (2011),



Z. D. Gruji¢, M. M. Leki¢, M. Radonji¢, D. Arsenovié, and B. M. Jelenkovié, Ramsey effects
in coherent resonances at closed transition Fg = 2 — F, = 3 of 87Rb, J. Phys. B 45, 245502
(2012),

e S. N. Nikoli¢, V. Djoki¢, N. M. Lugi¢, A. J. Krmpot, S. M. Cuk, M. Radonjié, and B. M.
Jelenkovi¢, The connection between electromagnetically induced transparency in the Zeeman
configuration and slow light in hot rubidium vapor, Phys. Scr. T149, 014009 (2012),

e S.N. Nikoli¢, A. J. Krmpot, N. M. Luci¢, B. V. Zlatkovi¢, M. Radonjié¢, and B. M. Jelenkovi¢,
Effects of laser beam diameter on electromagnetically induced transparency due to Zeeman
coherences in Rb vapor, Phys. Scr. T157, 014019 (2013),

e S.N. Nikoli¢, M. Radonji¢, A. J. Krmpot, N. M. Luci¢, B. V. Zlatkovi¢, and B. M. Jelenkovi¢,
Effects of a laser beam profile on Zeeman electromagnetically induced transparency in the Rb
buffer gas cell, J. Phys. B 46, 075501 (2013),

e S.M. Cuk, A. J. Krmpot, M. Radonji¢, S. N. Nikoli¢, and B. M. Jelenkovié, Influence of a
laser beam radial intensity distribution on Zeeman electromagnetically induced transparency
line-shapes in the vacuum Rb cell, J. Phys. B 46, 175501 (2013),

¢ S. N. Nikoli¢, M. Radonji¢, N. M. Luci¢, A. J. Krmpot, and B. M. Jelenkovi¢, Optical Ramsey
fringes observed during temporal evolution of Zeeman coherences in Rb buffer gas cell, Phys.
Scr. T162, 014038 (2014),

e S. N. Nikoli¢, M. Radonji¢, N. M. Luci¢, A. J. Krmpot, and B. M. Jelenkovié, Transient
development of Zeeman electromagnetically induced transparency during propagation of
Raman-Ramsey pulses through Rb buffer gas cell, J. Phys. B 48, 045501 (2015),

co e

Branislav Jelenkovi¢, Raman-Ramsey electromagnetically induced transparency in the
configuration of counterpropagating pump and probe in vacuum RbD cell, J. Opt. Soc. Am. B
32,426 (2015).

Kangumar je yommrno mocrojehy Tteopujy IlllTapkoBor Op3or ammjabarckor rmpenaza y
CHUCTeMHMa Ca J[Ba UJU TPU €HEpryjcka HUBOA Ha CIy4yaj Kaja TH HUBOM MOTY MUMAaTH MPOU3BOJbaH
O0poj momnuBoa. Kopumhenn mnpuctyn mnpencrtaBiba reHepanusanujy  Mopuc-lllopose
TpaHchopMalMje Ha ciaydajeBe Kaja yKIOHhEeHa JereHepalyja MoJHIUBOA J0BOIHU JI0 pa3jellaBama
nBo-potoHcke PamaHoBe pezonaniie. Ha ocHOBy Tora cy netasbHO UCnuTaHe MOTryhHOCTH mpeHoca
nomnynamuje Mel)y HuUBouma u roka3aHo J1a je Mmoryh Beoma e(ukacan IpeHoC KaJia j€ TOYETHO CTambe
MOTOTHO M3abpaHa Cynepro3uija CTamka Koja OAroBapajy noguuBouma. To je mpeaMer pajona:

e M. Radonji¢ and B. M. Jelenkovi¢, Stark-chirped rapid adiabatic passage among degenerate-
level manifolds, Phys. Rev. A 80, 043416 (2009),

e M. Radonji¢ and B. M. Jelenkovi¢, Stark-Chirped Rapid Adiabatic Passage in a Multilevel
Atom, Acta Phys. Pol. A 116, 476 (2009).

YeTBOpOTANACHO MEIIAakE je jOII jejaH HeJMHEAPHU KBAaHTHO-ONTUYKU (DEHOMEH KOjH je 610
WCTpakuBaH off cTpaHe kaHauaata. Kopuctehm tepmanny mapy kanmmjyma moOyhuBaHy aBama
JACepPCKUM CHOIOBUMA y A-KOH(UTypaiuju, 1001jeH! Ccy BeoMa BEIMKH KBAaHTHU MPUHOCH Y JIBamMa
HAKHA/IHO TeHEPHUCAaHUM CBETIOCHUM CHOMoBMMa. Ha OCHOBY KBaJIMTATUBHOT TEOPH)CKOT OMHCA TO
j€ JOBEIECHO Yy BE3y ca BEJIMKOM CYCIENTHOMIHOmNY aToMa KalhjyMa, Koja je MOcCieanuIia Majaor
XHUIIEpQHHOT IeNamkba OCHOBHOT cTama. [IpeTxoaHo je caapxaj pana:

e B.Zlatkovié, A. J. Krmpot, N. Sibali¢, M. Radonjié, and B. M. Jelenkovi¢, Efficient parametric
non-degenerate four wave mixing in hot potassium vapor, Laser Phys. Lett. 13, 015205 (2016).

VY TOKy MEHTOpCTBa NpU M3paau TOKTOpcke Tese Anhena MahuTtuja kaHauaar je paano Ha
reHepain3alyjaMa ToJIapUTOHa TaMHUX CTama. Y MHTamby Cy CIOXKEHE CKCIUTAlH]e Koje Cy
CYNEpIO3UIMja aTOMCKUX M (DOTOHCKMX CTama M HACTajy y aTOMCKUM MeJujyMuma rnodyhuBanum
JAcepCKUM I0JbMMa y YCJIOBHUMA EJIEKTPOMAarHeTCKH HWHIYKOBaHE TpaHCHapeHnuje. JemHa on
IBUXOBUX IPUMEHA je CIopa WM 3ayCTaBJbeHa CBeTIOCT. [IpBo yommTeme ce TH4e aToMa 4Yuju



noOyhuBaHW €HEPrujcKu HUBOM TMOCEIYjy JAereHepanujy. Y 3aBUCHOCTH O]l IOJIapH3aluje
KopuinheHnx nMoOyIHHX M0Jba, opeleHe Cy TUCTIep3uOHe pellalyje U cacTaB TAMHUX MOJAPUTOHA U
MpeIIoKeHa MPUMEHa THX ca3Hama. [[peTXoHo je mpuKa3aHo je y pany:

e A. Maggitti, M. Radonji¢, and B. M. Jelenkovi¢, Dark-state polaritons in a degenerate two-
level system, Laser Phys. 23, 105202 (2013).

Jlpyro yomnmTeme ce 0JHOCH Ha HU30BE CIIPETHYTUX MHUKPOPE30HATOpa Y KOjUMa Ce HaJla3H 10
jemaH aToMm, OJHOCHO Ha jemHoauMensnoHanHu [lejuc-Kamunarc-XabapaoB monen ca J0JaTHOM
Moaudukanujom. Pazmarpan je cirydaj nBe ekcuuTamuje U Hal)eHO 1a OHe MOTY oOpa3oBaTH JIBE
pa3nuynTe BPCTE BE3aHUX MApoBa TAMHHX IOJIAPUTOHA, KOJU CY MPOCTOPHO JIOKAJIM30BAHU H Ca
eHeprujama y mnpouenuma u3Mel)y eHEprujcKuX Tpaka JAeNOKAIM30BaHMX crama. JlomgaTtHo je
nokazaHa MOTyNHOCT Jja Be3aHU Map MmojlapuToHa Oyie OCHOBHO CTambe U JIa € MOXKE KOPUCTHTHU Kao
KBaHTHa MeMopHja. IcCIUTHBaHKM CHCTEM TOCEyje BEUKY TMOACCUBOCT U OBA UCTPAKUBAA CY TEK
IIPBH KOPaK y OTKPUBAaky HETOBUX JAaJbUX MMOTEHIMjalla. 3a BHIIE JIeTajba MOTJICAAaTH Pa;

e A. Maggitti, M. Radonjié, and B. M. Jelenkovi¢, Dark-polariton bound pairs in the modified
Jaynes-Cummings-Hubbard model, Phys. Rev. A 93, 013835 (2016).

3.2 XuOpuaHn KBAaHTHO-KJIACUYHH CHCTEMH

Jenan ox moctynata KBaHTHE MEXaHHUKE je MEPHH IOCTYJAT KOjUM CE€ OMHUCYje MPOOAOMINCTHIKA
KOJIAIIC CTamkba KBAaHTHOI CHUCTEMa MPWIMKOM HHTEpakiHje ca KIACHYHUM MEPHHUM aIrapaToM.
Mehytum, He MOCTOjU JOcieNaH TUHAMHYKK OMHC MEpHOT mporeca. Pa3no3u cy y pa3nuautum
ocoOMHaMa KBaHTHHMX U KJIACHYHUX CHUCTEMA U Y Pa3iIMuUTUM (OpMaIU3MUMa KOjUMa CE OIUCY]Y.
KBanTHa MexaHHKa ce Hajuyemhe u3paxkaBa y TepMHHIMA XHIOEPTOBUX MTPOCTOPA, JIOK j& KIIaCHIHA
MexaHuKka (Gopmynucana Ha (azHoM npoctopy. Teoprja XuOpUIHUX KBAaHTHO-KJIACUYHHUX CHCTEMa
MMa 3a Wb MPEBA3UJIAKEHE OBUX IpENnpeKka M KOH3UCTEHTHO JTUHAMHUYKO MOJENIOBamkE Ipolieca
Mepema KBaHTHOT cucteMa. Kanauaar je pa3Buo U aHaJM3upao MPUCTYI 3aCHOBaH Ha (hopMallu3My
XaMWITOHOBUX JMHAMUYKUX cucreMa. [lonaszehu o KBaHTHO-MEXaHUYKOT oIuca 00a cucreMa, Ha
jedaH o BKUX je HaMeTHyTa Be3a Koja OCHI'ypaBa Ja jé HeroBa JUHaMHMKa OrpaHHYEHa Ha
MHOTOCTPYKOCT KOXEPEHTHHMX CTama, KOja Yy MAaKpOCKOIICKOM JHMMHTY MOCTajy KiacuuHa. OBaj
IIPUCTYT je OCHOBA cienehux pajosa:

e Milan Radonji¢, Slobodan Prvanovi¢, and Nikola Buri¢, System of classical nonlinear
oscillators as a coarse-grained quantum system, Phys. Rev. A 84, 022103 (2011),

e M. Radonjié, S. Prvanovi¢, and N. Buri¢, Emergence of classical behavior from the quantum
spin, Phys. Rev. A 85, 022117 (2012),

e M. Radonji¢, Slobodan Prvanovi¢, and Nikola Burié, Alternative routes to equivalent classical
models of a quantum system, Chin. Phys. B 21, 120301 (2012),

e M. Radonji¢, S. Prvanovi¢, and N. Buri¢, Hybrid quantum-classical models as constrained
quantum systems, Phys. Rev. A 85, 064101 (2012),

e N. Buri¢, I. Mendas, D. B. Popovi¢, M. Radonji¢, and S. Prvanovié, Statistical ensembles in
the Hamiltonian formulation of hybrid quantum-classical systems, Phys. Rev. A 86, 034104
(2012),

e Milan Radonji¢, Slobodan Prvanovi¢, and Nikola Buri¢, Constrained quantum dynamics and

coarse-grained description of a quantum system of nonlinear oscillators, Phys. Scr. T149,
014011 (2012),

e N. Buri¢, D. B. Popovi¢, M. Radonji¢, and S. Prvanovi¢, Hybrid quantum-classical model of
quantum measurements, Phys. Rev. A 87, 054101 (2013),

e N. Buri¢, D. B. Popovi¢, M. Radonji¢, and S. Prvanovi¢, Hamiltonian Formulation of
Statistical Ensembles and Mixed States of Quantum and Hybrid Systems, Found. Phys. 43, 1459



(2013),

e N. Buri¢, D. B. Popovi¢, M. Radonji¢, and S. Prvanovi¢, Orbits of hybrid systems as qualitative
indicators of quantum dynamics, Phys. Lett. A 378, 1081 (2014),

e N. Buri¢, D. B. Popovi¢, M. Radonji¢, and S. Prvanovi¢, Unified Treatment of Geometric
Phases for Statistical Ensembles of Classical, Quantum and Hybrid Systems, Int. J. Theor. Phys.
53,1046 (2014),

e D. Arsenovié, N. Buri¢, D. B. Popovi¢, M. Radonji¢, and S. Prvanovié¢, Cloning in nonlinear
Hamiltonian quantum and hybrid mechanics, Phys. Rev. A 90, 042115 (2014),

e N. Buri¢, D. B. Popovi¢, M. Radonji¢, and S. Prvanovi¢, A quantum-classical theory with
nonlinear and stochastic dynamics, Phys. Scr. T163, 014003 (2014),

e Nikola Buri¢, Duska B. Popovi¢, Milan Radonji¢, and Slobodan Prvanovié, Phase space
theory of quantum-classical systems with nonlinear and stochastic dynamics, Ann. Phys. (N.Y.)
343, 16 (2014),

e D. Arsenovi¢, N. Buri¢, D. B. Popovi¢, M. Radonjié, and S. Prvanovié, Positive-operator-
valued measures in the Hamiltonian formulation of quantum mechanics, Phys. Rev. A 91,

062114 (2015).

Kommniementapan npuctyn xuOpuanuMm cuctemuma nomohy Kynman-¢pon Hojmanosor
YHUTApHOT OMNHKCa KJIACHYHHX cHcTeMa y XwuiaOepToBOM IpOCTOpy Takohe je Omo mpeamer
UCTpaXMBamba KaHAWIATa. YBEICHW Cy alCTPaKTHU CUCTEMH KOJjU HWHTEPHOIHMpajy usMehy
KJIaCMYHUX W KBAaHTHHX CHCTEMa M Pa3MOTpeHa je (M3MYKa KOH3HCTEHTHOCT OIMCa J[Ba TaKBa
CUCTEeMa YHja je MHTEpaKI[fja MOTSHIMjaJIHa, IIITO € MPEACTABIbEHO Y PaIy:

e M. Radonji¢, D. B. Popovié, S. Prvanovi¢, and N. Buri¢, Ehrenfest principle and unitary
dynamics of quantum-classical systems with general potential interaction, Phys. Rev. A 89,

024104 (2014).
3.3 OTBOpeHH KBAaHTHH CHCTEMH

CBakM KBaHTHU CHUCTEM ce HEM30€KHO HaJla3u MOJ YTHIIajeM OKpYXKema — OTBOpEH je. Ycien Tora
nonia3u 1o edekaTta IeKOXEpEeHIMje U JUCHUTIalM]e, TIa j€ €BOIYIHja OTBOPEHOT KBAaHTHOT CHCTEMa
HeyHuTapHa. CTora je yommTeme pasyiaTara Koju Cy IMO3HaTH y ciy4ajy YHUTapHE KBaHTHE
€BOJIyLIMj€ Ha HEYHUTAapHHU CLIEHapHO BpJIO0 HeTpuBHjadHO. HajjemHOCTaBHMjUM THUI OKpYyKEHha He
nocezyje MEMOPHjY O CBOjoj MPOILIOCTH. Tasia je TMHaAaMHUKa OTBOPEHOT KBAHTHOI CUCTEMA OIUCaHa
JlunnOnanoBom mactep jenHaunHOM. EBomyliMja aTOMCKHX cUCTEMa MOMEHYTHX Y oneJbKy 3.1 je
yIIpaBO MOJIEJIMPAaHA TAKBUM jeJHAYMHAMA.

Kangunat je ananusupao MoryhHocT JeuHHCcamba reoMeTpujcke (aze OTBOPEHOT KBAHTHOT
cucrema nomohy ancamOia TanacHuX GyHKIMja Yhja CTOXaCTUUKO-IHU(y3HA €BOITYIHja Y CPETHEM
penpoaykyje eBonynujy 3aaary JlunabmagoBoMm jemHaunHOM. [lokazaHo je Ja MOCTOjU MOTOJHA
nepuHUIM]ja Koja je MHBapUjaHTHA HAa YHHUTapHY Tpyly CcHMeTpHja aHcamOja M yKa3aHO Ha
OrpaHUYEeHa MPHUCTYIA TaKBE BPCTE, LITO CE MOXKE BUJIETH Y PaJIOBHUMA:

e Nikola Buri¢ and Milan Radonji¢, Uniquely defined geometric phase of an open system, Phys.
Rev. A 80, 014101 (2009),

e N. Buri¢ and M. Radonji¢, Geometric Phase of an Open System, Acta Phys. Pol. A 116, 483
(2009).
I'eomerpujcka ¢aza modyhuBaHOT KBAHTHOT CUCTEMA Ca JIBa HUBOA j€ aHATMTHYKH H3padyHaTa
y pany:

e [. Mendas, N. Buri¢, D. B. Popovi¢, S. Prvanovi¢, and M. Radonji¢, Geometric Phase for
Analytically Solvable Driven Time-Dependent Two-Level Quantum Systems, Acta Phys. Pol. A
126, 670 (2014).



Jlajbe, WcIUTHBAHA je AWHAMHKA JBO-MOJHOT Jacepy CIMYHOI CHUCTeMa Ipommpyjyhu aBo-
MoHU TejBuc-KaMUHTCOB MOIEN AMCUTIATHBHUAM MPOLIECMMA M HEKOXEPEHTHOM ITO0YIOM aTOMCKOT
Menujyma. AHaIMTUYKY cy Hal)eHa deTupu moryha HepaBHOTE)KHa CTallMOHAapHa cTama ((puxchHe
Tauyke eBOJIyIH]je) U ofipeheH je onroapajyhu dazau qujarpam. Moryhe dase ce pasnukyjy mo 6pojy
(UKCHUX Tadaka W 10 HHUXOBO] cTaOWiIHOCTH. J[ogaTHO, mpoydyeHa Cy TpHW ClieHapuja yBohema
[TuparacoBe KOHTPOJIHE TMIOBPATHE CIIPEre ca KallkhekheM. Y 3aBHCHOCTU O]l BpEMEHa Kalllkhemha U
jaurHe KOHTpOJIE TTOKA3aHO je J1a ce MOXKe mocTuhu ctabuin3ainyja HecTaOMIHUX (PUKCHHUX Tadaka
uu 1300p KOHKPETHE Mojie Koja he caapkaTu MakpoCKoIcKu 0poj ¢oToHa. Buie nerapa campxu
pax:

e Wassilij Kopylov, Milan Radonji¢, Tobias Brandes, Antun Balaz, and Axel Pelster,

Dissipative two-mode Tavis-Cummings model with time-delayed feedback control, Phys. Rev.

A 92,063832 (2015).

3.4 MakpoCKONCKHM KBAHTHH CHCTEMU

[To3Hara je yMmBEHUIA []a Ce CYNEepPHO3UIMje BEOMa Pa3IMUUTHX KBAaHTHHUX CTambha MAaKPOCKOIICKHX
cucTeMa He peanu3yjy y cBery oko Hac. [lapagokc lllpennHrepoBe »HBO-MPTBE Mayke YIPaBO
roBopu 0 ToMe. C TUM y Be3H, KaHAHUJAT j€ TPOYydYaBao KOje BPCTE MAKPOCKOIICKHX CYIECPIIO3UITHja
(He)MOry TNpHPOAHO OWTH jEIUHCTBEHa OCHOBHA CTama JIOKATHHUX, (HU3MYKH pEIEeBAaHTHUX
MHOTOYECTUYHUX XaMHJITOHHMjaHa ca KOHAYHUM EHEPrujcKuM mporuenoM. l3BeneHa je ropma
rpaHyIla BEJMYMHE MPOIENa MPOU3BOJFHOT (PU3UYKOT XaMHITOHHjaHa MO MPETIOCTaBKOM Jia je
ETOBO OCHOBHO CTame€ CYNEpIo3MIHMja /Ba A00OpPO pa3inyhBa MaKpOCKOICKAa CTama. 3a BeoMa
BEJIMKY KJIaCy TaKBHX CTarba MIOKA3aHO je Ja eHePTUjCKHU MPOoLen XaMHJITOHUjaHa MOPa TeXKHUTH HYJIN
y TepMoaMHaMU4KoM juMmuTy. llocieanmna Tora je na mpuIipeMa TakBHX CTama jeJHOCTAaBHHM
MIOCTYIKOM XJ1al)eha y OCHOBHO CTam€ HUj€ eKCIIEpUMEHTAIHO U3BO/IJbUBA, jep OM BOAMIIA MELIAHOM
cramy ymecto yuctoM. KopumheHn MeToan U TOOMjeHU pe3ynTaTd Cy OJ LIMPET 3Hadyaja U MOTY
MOCTYKHTH HIIP. PaCBETIhaBaby HEKHUX acliekaTta KBaHTHUX MaprHHAIHUX mpobiiema. Bume o Tome
BUJICTH y pajy:

e Borivoje Daki¢ and Milan Radonji¢, Macroscopic Superpositions as Quantum Ground States,

Phys. Rev. Lett. 119, 090401 (2017).

3.5 bo3ze-AjumirajH konaeH3atu ¢gorona

Cucremuma y kojuma je octBapeHa bosze-AjHirajH konaenszanuja 2010. rogune cy npubpojaHu u
¢dororn. OCHOBY M3Be0€ YMHM MUKPOPE30OHATOP UCIYHEH MOJIEKYJIMMa OpraHcKkux 0oja Koju ce
Mory moOyhuBatu (oTOHMMA pe30HATOPCKUX Mojaa. JlumMeH3wje pe3oHaTopa U IIUPUHA
ariCoOPIIIIMOHOT CIEKTpa MoJieKyna 00e30el)yjy AMHaMu4Ky OMTHOCT caMO jeHEe JIOHTUTYJUHATHE
Mojie. JIoAaBIIM MPETXOJHOM 3aKPUBJHEHOCT Orjiefiaia pe3oHaropa, (GOToOHU y meMy e(pEeKTUBHO
MOCTajy MaceHW U Yy JBOJUMEH3MOHATHOM XapMOHHJCKOM TOTEHIHjary. Tepmanu3anuja je
o0e30eheHa pearncopmniiMjoM U €MHCHjOM OJf CTpaHe MoJIeKyjia opraHckux Ooja. KonmeHszar ce
MOCTH)XE JOBOJPHO CHaYKHOM HEKOXEPEHTHOM MOOY0M MOJIEKYIIa.

[Tonazehu on JluaabnagoBe macTtep jenHAYMHE MOMEHYTOT CHCTeMa KaHAWIAT j€ Pa3BHO
JeTaJbHU MHUKPOCKOIICKM MOJIe] Kao YONIITewme Mocrojeher HepaBHOTEKHOT MoJieNa, KOjU OCHM
JVICUTIATHBHOT YKJbYYyje M KOXEPEHTHH IONMPHHOC AWMHAMUIM. Ha Taj HaYMH MOJeN YCHemrHo
MHTepHoaupa usmely 1Ba aujaMeTpanHo cynpoTHa (u3nyka ciyyaja — bo3e-AjHIITajH KOHIEH3aTa
¢doToHa, Kaja AUCUTIANN]ja TOMUHUPA JMHAMUKOM, W CTama CIMYHOT JIacepy, Kaja Cy KOXePeHTHHU
e(eKTH TOBOJbHO U3PAXKEHHU. Y Cllydyajy (POTOHCKOT KOH/IEH3aTa MOKA3aHOo j€ 1a KOXEPEHTHH MPOIecH
BoJie TojaBu edeKkTuBHE (OTOH-POTOH MHTEPAKIIM]E€ KOja C€ MPEHOCH MPEKO MOJIEKYJIa OPTaHCKUX
60ja. [Iporemena je jaunHa UHTEpaKLUje U JO0OMjeHO N00po crarame ca aureparypoM. Takohe je
UCTIMTaHa HEeHa 3aBUCHOCT O] apamerapa cuctema. CBe TO je CaipikaHo y paay:



e M. Radonji¢, W. Kopylov, A. Balaz, and A. Pelster, Interplay of coherent and dissipative
dynamics in condensates of light, New J. Phys. 20, 055014 (2018).

4. ENEMEHTH 3A KBAJINTATUBHY OLIEHY HAYYHOT JIONTPUHOCA
KAHJIMJIATA

4.1 KBajmTeT Hay4YHUX pe3yJrara

4.1.1 Hayynu HUBO M 3HA4aj pe3yJTaTa, yTUllaj HAYYHUX pajgoBa

Jp Munan Pagomuh je y cBoM pocananimeM pagy o0jaBuo 47 panosa y MehyHapogHuM yaconucuma
ca ISI nmucte, on kojux 16 y kareropuju M21a, 11 y xateropuju M21, 4 y xateropuju M22, 4 y
kareropuju M23 u 12 y kareropuju M33.

VY nepuony HakoH oanyke Hayunor Beha o nmpeasiory 3a cTuniambe IpeTXOAHOT Hay4HOT 3Bamba,
np Munan Panomuh je o6jaBuo 21 pan y mehynaponnum vacommcuma ca ISI nmcre, on kojux 4 y
kareropuju M21a, 8 y kareropuju M21, 4 y kateropuju M22, 1 y kateropuju M23 u 4 y kateropuju
M33.

Kao mer Haj3HAYajHUJUX pPaI0Ba KaHIHUaTa MOTY CE Y3€TH:

1. M. Radonjié, D. Arsenovi¢, Z. Gruji¢, and B. M. Jelenkovi¢, Coherent population trapping
linewidths for open transitions: Cases of different transverse laser intensity distribution, Phys.
Rev. A 79, 023805 (2009), uutupan 15 myra,

2. M. Radonji¢, S. Prvanovi¢, and N. Buri¢, Hybrid quantum-classical models as constrained
quantum systems, Phys. Rev. A 85, 064101 (2012), uutupan 23 nyTa,

3. Wassilij Kopylov, Milan Radonji¢, Tobias Brandes, Antun Balaz, and Axel Pelster,
Dissipative two-mode Tavis-Cummings model with time-delayed feedback control, Phys. Rev.
A 92,063832 (2015), nutupan 12 myra,

4. Borivoje Daki¢ and Milan Radonji¢, Macroscopic Superpositions as Quantum Ground States,
Phys. Rev. Lett. 119, 090401 (2017), untupan 1 oyr,

5. M. Radonji¢, W. Kopylov, A. Balaz, and A. Pelster, Interplay of coherent and dissipative
dynamics in condensates of light, New J. Phys. 20, 055014 (2018), nuutupan 0 myTa.

[IpBu panx je 6mo mMmoa3Ha OCHOBA JOKTOPCKE NHMCEpTallvje KaHauaara. ¥ HEeMY je yBeleH
JeTaJbHU TEOPUJCKU MOJIeN BPEMEHCKHM 3aBHCHE Jlacep-aTOM HMHTEpaKiMje, KOjU y3uMa y 003up
KOMIUIEKCHY XHUIEpQHUHY CTPYKTYpy aroma aikaiHux Mertana. Kopucrehu pasBujeHH MeToA
YCIIEIIHO CY ONMUCAHU M (PU3UYKU MHTEPIPETUPAHU EKCIEPUMEHTH y BE3M Ca KBAHTHO-ONTHYKUM
KOXEpEHTHUM U HeJInMHeapHuM edektrma. Mojen je omoryhuo a ce mpelnns3Ho UCINUTa BpeMEHCKa
€BOJIYyIIMja aTOMa PYOUIMjyMa MPUIIMKOM HHTEPAKIIH]je ca JIACEPCKUM MTOJbUMa pa3IMYUTHX Mpopuia
WHTCH3HUTETA U J1a CE CXBATE CACBHM PA3JIMIUTH PU3UYKH (DEHOMEHH Y pa3MaTpaHUM CIy4ajeBUMa.

Jlpyru paj yBOOM OpUTMHAJIIHM KOH3HCTEHTHU ONUC XUOPUAHMX HHTEparyjyhux KBaHTHO-
KJIACUYHHX CHUCTEeMa Mpeko XaMUITOHOBOT (hopmanuima. [lpuctyn je Hajambe pe3ynToBao OpojHUM
nyOnukanujama Ha Ty Temy. JupakoB ¢dopmanuzaM cucTemMa ca Be3ama, MO3HaT y KIACHYHO]
MEXaHUIH, UCKOpUIIIheH je Y KOHTEKCTY XMOPUIHUX CUCTEMA U PEe3YyJITOBAO T3B. OMUCOM Y CMHUCITY
cpenmer nosba. Hanme, kimacuyHu cucTeMu Cy ONHMCAaHU Ka0 MaKpPOCKOIICKM KBAHTHU ca TUHAMUKOM
OTpaHUYEHOM Ha MHOTOCTPYKOCT KOXEPEHTHHX cTama. Tume je omoryheH yHuduuupan tpermaH
KJIACUYHMX M KBAaHTHUX CHCTE€Ma Ha KOMIIATUOMJIaH HAuUH.

Tpehu panm cagpxku aHanu3y AWCUIATUBHOT 1BO-MOAHOT TejBuc-KamuHTCOBOT MOena
WHTEPAKIIFje aTOMCKOT aHcaMmOia 1 cBeTiiocTd. OCHOBY YHMHU TEOpHja CPEAET M0Jba MPUMEHEHA
Ha Jluna6namoBy MacTep jenHaunHy cucteMa. Pasmarpana cy moryha cranimonapHa ctama cucTeMa



KaJa MOCTOjH CHOJhallliba 1Modyaa M yTBpheHa mHUXoBa CTaOMIHOCT. Pan 3ampaBo caapiku jJocTa
M0j€THOCTaBJHEHU MOJIEIN MOTITYHOT MUKPOCKOIICKOT OIMCa KOH/IEH3aTa CBETIIOCTH, O3 MeXxaHu3Ma
tepManu3anuje. Mehytum, noOujeHn pe3yaTaTu WUIaK OArOBapajy KapaKTEPHUCTUYHHUM OcoOMHama
peanucTHyHUX cucteMa. Takole cy pazmarpane MoryhHOCTH Koje HyJ¥ KOHTpOJIa MIPEKO MOBpaTHE
CIIPETE Ca KAIIBHEHEM.

YeTBpTH paj ce 0aBM MUTAKEM J1a JIM MaKpOCKOIICKE KBAaHTHE CYIEPIIO3UIMje MOTY OWTH
JeAMHCTBEHa OCHOBHA CTama JIOKAUTHUX XaMuiToHHWjaHa. [lox mpeTrmocTaBKOM Ja TakBa
CYNEpIIO3UIIMja jecTe OCHOBHO CTame, MOKA3aHo je Ja y TePMOJUHAMUYKOM JIUMUTY €HEPTHjCKU
npouen Mopa TeXUTH Hyiau. PU3ndka mocieauna Tora je 1a xmnaleme MaKpOCKOIICKOT KBaHTHOT
crcTeMa BOJM Mpernapanuju MEIIaHoT CTamka, a He YUCTor. TakaB pe3ynTar JeIMMUYHO PacBeTIbyje
napanokc [lIpenuHrepoBe Mauke U MMa UMIUIMKAIMje Ha KBAHTHA MaprHHAIHHU MPoOeM, Kao 1 Ha
annjabaTcKo KBAaHTHO pauyyHame KOje KOPUCTH OCHOBHA CTamha KBAHTHUX CUCTEMA.

Iletn pan usnake AeTabHU MHMKPOCKOIICKM MOJIENI KOHAEH3aTa CBETJIOCTH U J100Hjame
Jlunn6nanoBe MacTep jelHaUMHE CHCTeMa. 3a pPa3juKy of noctojehe JuTepaType, KOH3UCTEHTHO je
ypadyHar TONPHHOC KOXEPEHTHE MTUHAMUKE, mopen AucumnaTuBHe. To je omoryhmio ma ce uctum
MOJIETIOM HMHTepnojiupa u3Mel)y aBa mormyHO pasnuuura (U3WYKa CIieHapHja — CTamba CIMYHOT
nacepy u bo3ze-AjHmrajH KoHAeH3aTa (HOTOHA. Y TPBOM CIIy4ajy KOXEPEHTHHU €()eKTH Cy 3HATHU H
BOJIe ycaryaniaBamy (aza CBETJIOCTH M aKTMBHOI MeaujymMa. Y JApPYroM peXuUMy JIUCHUIATUBHU
eeKTH TOMUHUPA]y U BOAE TepMaIu3anuju cBeTiioctu. KoxepeHTHH eekTr Taaa y3poKyjy 1ojaBy
ciabe epextuBHE (HOTOH-DOTOH MHTEPAKIIMjEe KOja C€ MPEHOCH MyTeM aKTHBHOT MEIUjyMa U 4YHje
MOHAMIAKkE y 3aBUCHOCTH OJ1 ITapaMeTapa CUCTEMA j& MIPOYIEHO.

4.1.2 Ilo3uTUBHA MUTUPAHOCT HAYYHHUX paoBa KaHJIUAAaTa

[Ipema 6a3u momaraka Web of Science nHa nan 1. oktoOpa 2018. roguHe, pagoBU KaHIWUTaTa Cy
UTHpaHU YKynHO 166 myta, onHocHo 100 myra He pauyHajyhu camonutare. IIpema ucroj 6a3m,
XupIIOB MHJIEKC KaHauaaTa je 8. PereBaHTHU Mojany o MMUTUPAHOCTU ca UHTEPHET cTpanulie Web
of Science 6a3e cy 1aTH HaKOH CIIMCKa CBHUX pajioBa (0/1eJbak 6).

4.1.3 IlapaMeTpu KBaJINTETa YaCOMMCA

butaH eneMeHT 3a MpoOleHy KBaIMTeTa HAyYHUX pe3yiTara je M KBaJIMTET Yacoluca y Kojuma cy
panoBu 00jaBJbEHU, OAHOCHO BUXOB UMNAKT (hakTop — UD. ¥V kateropujama M21a, M21, M22, M23
u M33 kanaunar je o6jaBuo pazose y cieaehum yaconucuma, pu Yemy cy MoABYUEHHU ClIy4yajeBH y
KOjH ce OJHOCE Ha INepuo]] HakoH ojryke Hayunor Beha o mpeanory 3a cTuUIame MPETXOAHOT
HAYYHOT 3Bama:

e 1 pany Physical Review Letters (LD = 8.839),

e 1 pany Optics Express (LD = 3,880),

e 1 pany New Journal of Physics (UD = 3,786),

e 1pany Laser Physics (UD = 3.,605),

e 1 pany Annals of Physics (N.Y.) (UD =3,318),

e 11 + 5 panoBa y Physical Review A (U® = 3,042 3a 4 pama, UD = 2,878 3a 2 pana,
N® = 2,866 3a 1 pan, UD = 2,908 3a 4 paga, UD = 3,042 3a 2 paga, UD = 2.991 3a 2 pana,
D = 2,925 3a 1 paxn),

e 1 pany Laser Physics Letters (AD = 2,964),

e 2+ 2 panay Journal of Physics B(U® = 2,031 3a 2 pana, U® = 2,031 3a 1 pag, UD = 1,975
3a 1 pan),

o 1 pany Journal of the Optical Society of America B (LD = 1,970),




e 1 pany Physics Letters A (UD = 1,766),
e 1 pany Chinese Physics B(U® = 1,631),

e 3+ 3 panay Physica Scripta (U® = 1,204 3a 2 paga, UD = 1,088 3a 1 pag, UD = 1,296 3a 1
pag, UD = 1,296 3a 2 paga),

e 1 pany International Journal of Theoretical Physics (UD = 1,186),

e 1 pany Foundations of Physics (U® = 1,170),

e 3+ 1 pany Acta Physica Polonica A (A® = 0,433 3a 3 paga, UD = 0,604 3a 1 pan),
e 3+ 1 pany Proceedings of SPIE (6e3 D),

e 2 panay Journal of Physics: Conference Series (6e3 D).

VYkynan ¢akTop yTHiaja pagoBa kanauaata je 98,883, a y mepuoay HakoH omiyke Hayunor
Beha o mpeIory 3a CTHLIAkE MPETXOJHOT HayYHOT 3Bama Taj (hakrop je 52,093. Yaconucu y Kojuma
je KaHauaat 06jaBjbUBAO Cy 110 CBOM YTIIey BeoMa IIeHheHH Y o0acThUMa KojuMa mpumnanaajy. Mehy
BUMa ce moceOHo ucruuy: Physical Review Letters, Optics Express, New Journal of Physics,
Physical Review A w Annals of Physics.

JlonatHu OMOIMOMETPH]CKH TIOKa3aTe/bu y BE3HU ca 00jaBJbCHUM PaJIOBUMa KaHIU1aTa HAaKOH
omryke HayuHor Beha o mpezuiory 3a cTUIame MPeTXOIHOT HAyYHOT 3Bamka JaTh CY Y J0H0] TabeH.
Ona caapxu umnakt ¢akrope (U®D) pamoBa, M 6omoBe pamoBa MO CPIICKOj KaTeropu3aluju
HAayYHOMCTPAXKUBAUKHUX PE3yJiTaTa, KA0 M UMITAKT ()aKTOp HOPMAIM30BaH MO0 UMITAKTY IUTUpPajyher
ynanka (CHUII). Y TaGenu cy gare yKyImHe BPEIHOCTH, Ka0 ¥ BPEIHOCTH CBHX (DaKTOpa yCpeIheHIX
o Opojy WwiaHaka u 1o Opojy ayropa 1o WIaHKy, 3a paJloBe 00jaBibeHe y Kareropujama M20.

o M CHMUII
YkymHO 48,205 127 21,359
YcepenameHo 1Mo WiaHKy 2,836 7,471 1,256
YcepeameHo 1o ayropy 13,811 32,683 5,671

4.1.4 CreneH caMOCTAJIHOCTH M cTeneH y4yemha y peanu3anuju pagoBa y HAy4YHUM LEeHTpHUMA
Y 3¢MJbH M HHOCTPAHCTBY

Kangunat je Bonehu ayrop 11 pagosa, npyru ayrop 12 panosa, Tpehu aytop 11 pagoa, ueTBpTH
aytop 10 pamoBa, metu ayrop 2 paga u mectu aytop 1 paga, ox ykynHo 47 pagosa. Ha pamoBuma
KOjU cy 00jaBJbe€HH y MepHoay HakoH ojutyke HayuHor Beha o mpemiory 3a cTuambe MpeTXOqHOT
3Bama, KaHAWIAT je Bojaehu ayrop 2 pama, npyru ayrop 7, Tpehu aytop 6 pagoBa, 4eTBpTH ayTop 4
pana u metu ayrop 2 pana, o ykymnHo 21 pana. Y apyroMm Ha3Hau€HOM NEpUOAY KaHAMUIAT je Ha 2
paza apyru ayTop, JOK je TpBH ayTop cTyAeHT Anheno Mahutu uyujom U3pagomM JOKTOPCKE Te3e je
KaHIUJ1aT PyKOBOJIHO.

[Ipu w3paau moMeHyTUX pamoBa Op MwunaH Pagomuh je ydecTBOBaO y OCMUIILBbABAY,
dbopmynanuju U TUCKYCHjU TpoOsiemMa, U3BeA0U peleBaHTHUX HYMEPHUYKHX CHMYJaluja, aHaIu3u
nobujeHux momaTtaka (M mopehemy ca eKCIepuMeHTHMa y oJpeheHuM ciydyajeBuMa), pas3Bojy
AHATUTHIKUX METOJIa U aHATMTUYKUM IPOpadyHUMa, Ka0 M CAaMOM IHCaky pajioBa.

Tokom u3pane moxrtopcke auceprauuje y Llentpy 3a ¢ortonuky WuctutyTra 3a Qu3uky y
beorpany, kaHauAaT je pa3BUO TEOPHjCKO-HYMEPHUKHU MOJET MHTEpAKIMje JTACEPCKOT 3paverma U
aToMa aJIKaJIHUX MeTaja KOju je OMO KJby4aH 3a ONUC M pa3yMeBame eKcIepuMeHaTta ypaheHux y
noMeHyToM LIeHTpy Ha TeMy KOXEPEHTHUX M HEJIHMHEApHHUX eeKaTa y KBAaHTHO] ONTHIM. TOKOM
3aBpIlIHE FOJJMHE U3paJie JOKTOPCKE AUcepTalije KaHAUIAT j€ 3a04€e0 IUI0A0TBOPHY capaliiby ca ap
Hukonom bypuhem u paspanmo OpUTrMHAIHU MPHUCTYN KOH3MCTEHTHOM TPETMaHy XHOPHIHHX
WHTEparyjyhux KBaHTHO-KJIACMYHHMX CcHcTeMa. Takohe, 3amoueo je W BOJWO HCTPAKUBAHKHE



MOJIAPUTOHA TAMHUX CTama KOjU Cy OMIIM TeMa IOKTOpCKe Aucepraiyje cryaenta Auhena Mahuruja.
Hakon 3aBpiierka cBoje JOKTOpPCKE AMCEpTallMje KaHAWIAT je HACTaBUO Ca HUCTpPaKMBambHUMa Ha
IIPETXO/IHO IIOMEHYTE TeMe U y3 JIp AHTyHa banaxa ycmnocraBuo capaiwmy ca Ap AKcenoMm
[Tenctepom ca Texnuukor yHuBep3uteTa y KajzepcmayTepHy Ha ucTpaxkuBamuMma bose-AjHITajH
KoHieH3aTa GotoHa. TOKOM MOCTAOKTOPCKOT ycaBpiaBama y rpymnu npod. ap @ununa Banrepa Ha
VYuuBep3uteTy y bedy kanaunar je paauo Ha TEOPUJCKUM MpPoOJieMHMa MaKpPOCKOIICKUX KBAaHTHHUX
CTama M OCMHIIIbaBamky (GOTOHUYKUX cuMynaropa. EkcriepuMeHTH y Be3H ca MOCIEIHOM TEMOM CY
y da3u uspazne. Kanaunat ce TpeHyTHO 0aBM M IpoydaBameM edeKkata JUHAMHUYKOT Heypehema Ha
Bo3ze-AjHIITajH KOHAEH3aTE Y OKBUPY MOCTIOKTOPCKOT aHTa)KMaHa Ha TEeXHUYKOM YHUBEP3UTETY Y
Kajzepcnayrepny.

Kannunar yuectByje y pany LlenTpa 3a m3ydaBame KOMIUIEKCHHX cucteMa u llenTpa 3a
¢doronuky Uncturyra 3a pusuky y beorpany. Takohe, numa mehynapoany capazmy ca rpynom npod.
np ®ununa Banrepa y beuy, ca ap bopuojem Jlakuhem y beuy, ca np Axcenom Ilencrepom y
Kajzepcnayrepay m np Bacwmmjem KommmoBum y bepnuny. Ckopamismd pajoBH HAcTad Kao
pe3ynrat MehyHapoaHe capalibe Cy BUAHU Y JIMCTU MyONMKaIyja KaHIuaaTta, JAOK j€ HEKOJIHKO
pajioBa TPEHYTHO y (ha3u mpumpeme.

4.1.5 Harpane

Kanmunar je mobutnuk Crynenrcke Harpane Muctutyra 3a ¢pusuky y beorpanxy 2014. rogune 3a
Haj00JbY TOKTOPCKY AUCEPTALH]y ypal)eHy TOKOM IPETXO0IHE TOJAUHE.

ITpunor: numioma Ctynentcke Harpasae Muctutyra 3a pusuky y beorpany.
4.2 AHraxoBaHocT y GopMupamy HAyYHHUX KaJpPOBa

Kanmunar np Munan Pagomuh je Ouo MeHTOp AokTopara cryneHTa Pusznykor Qaxynarera y
beorpany Anhena Mahutuja, Ha Temy moJIapUTOHA TAMHUX CTamkba U JBO-TIOJAPUTOHCKUX BE3aHUX
CTamka y HU30BMMa aToMa M ONTUYKHX MHUKpope3oHaTtopa. TOKOM paja Ha M3pagud MOMEHYTOT
JoKToparta ypahenu cy cienehu pagoBu:

e A. Maggitti, M. Radonji¢, and B. M. Jelenkovi¢, Dark-state polaritons in a degenerate two-
level system, Laser Phys. 23, 105202 (2013),

e A. Maggitti, M. Radonjié¢, and B. M. Jelenkovi¢, Dark-polariton bound pairs in the modified
Jaynes-Cummings-Hubbard model, Phys. Rev. A 93, 013835 (2016),

KOjH Cy JIe0 JTOKTOPCKE JUCepTaluje:

e Amnbheno Mahutu (Angelo Maggitti), Formation of dark-state polaritons and two-polariton
bound states in arrays of atoms and optical cavities, ®u3nuku Qaxkynrer YHUBep3UTeTa Y
beorpany, oktobap 2015. rogune

MenTtop: ap Munan Pagowuh, komentop: ap bpanucnas Jenenkosuh.
[Tpunor: oxrosapajyhu 3anucHuk ca cennuue HacraBHo-HayuHor Beha ®dusmukor ¢akxynrera,

oarosapajyha crpanuna nntepuet noprana HaPlyC (Haunonamuu Penozutopujym ducepranuja y
Cp6ujn) u yBogHe cTpanwuile nucepranvje Anhena Mahutuja.

4.3 Hopmupame Opoja KoOayTOPCKHUX Paj0Ba, MATEHATA U TEXHUYKHUX pelliemha

21 pamoBa kanauaara, o0jaBJbeHMX HaKOH ojuiyke Hayunor Beha o mpemiory 3a crumame
MPETXOAHOT HAYYHOT 3Bamba, CIaAajy y cieaehe kareropuje:

® y KaTeropHjy TEOPUjCKUX pajioBa y MPUPOJHO-MATEMaTHUKUM HayKama KOju ce IpU3Hajy ca



nyHuM OpojeM M 0GomoBa 1o Tpu Koaytopa cmanajy pagosu [1,2,3,4,18,21,30,31,32,37] u
HOPMHpPAHHU Cy y ckiaay ca [IpaBriiHHKOM,

® y KaTeropujy pajaoBa ca HyMEpUYKHM CHMYJalldjaMa KOjH c€ MPHU3HA]y ca MyHHM OpojeM M
0omoBa 10 meT Koayropa cmanajy pagoBu [17,20,23,29] u HOpMupaHH Cy y CKIaay ca
[IpaBuHUKOM,

® y KaTeropujy EKCIEpUMEHTATHHX paJoBa y MPUPOJHO-MAaTEMATHYKHUM HayKkama KOju ce
MPU3HAjy ca MyHUM OpojeM M 0om0oBa 70 cemaM KoayTopa crajnajy pamosu [19,22,24,28,36,
38,39] u HopMupanu cy y ckiany ca [IpaBruiiHuKOM.
[Ipema Tome, HOpMUpameM npeMa [IpaBunHuKy, 6poj M 60/10Ba Koje je KaHAMIAT OCTBAPHUO
HakOH omiyke Hayunor Beha o mpemiory 3a CTHIame MPETXOJHOI HAyYHOT 3Bama MO OCHOBY
kareropuja M20 u M30 je 126,5 (mpe Hopmupama 136).

4.4 PyxoBoheme npojekTuMa, NOTHPOjeKTHMA U MPOjeKTHUM 3aJaluMa

Kangunat pykoBoau moTrpojekToM “YTHiaj TMHAMHYKOT Heypehema Ha ocodune boze-AjHmTajH
KoHjeH3aTa” y okBupy npojekta OH171017 “Moaenupame U HyMepUUKe CUMYJIALUjE CIIOKEHUX
BUIICYECTUYHUX CUCTEMa” KOJHUM PYKOBOIM JIp AHTYH banax.

[Tputor: MOTBpIa pyKOBOIMOIIA MPOjEKTa O PYKOBOh)EHY MOTIIPOjEKTOM.

Taxohe, TokoM moctmokTopckor pana Ha dakynrery 3a Gusuky YHuBep3uTera y beuy kanauaar je
PYKOBOJAMO NPOjEeKTHUM 3aaTKOM y okBHpY eBporckor QUCHIP mpojekTa ca TeMoM TeopujcKor
I3ajHa KBAaHTHOT KOJIa 332 cuMyJanujy 6enzena nomohy mect gortona. EkcriepuMeHT kKoju ce 0aBu
peanu3alijoM AU3ajHUPaHOT KOoJia j€ Y TOKY.

[Tpusor: moTBpHO MUCMO O pYKOBOheHY MPOJEKTHUM 337aTKOM.

4.5 AKTHBHOCT y HAYYHMM H HAYYHO-CTPYYHHUM JAPyIITBUMA

Kangunat je penensent y cineaehum HayuHuM yacomucuma: Physical Review Letters, Optics
Communications, Optical and Quantum Electronics n International Journal of Modern Physics B.

[Ipusor: mucMa ypeIHUIITBA YacONKCa PEIICH3EHTY.

4.6 YTULAjHOCT HAYYHHUX pe3yJITaTa

VYTunajHoCT HaydHUX pe3yJiTaTa KaHIuaTa je HaBeJeHa y o/ieJbKy 4.1 oBor qokymenTa. [y cniucak
pazioBa je AatT y oJleJbKy 6, a MoJaIy o MUTUPAHOCTHU ca UHTEepHeT cTpanule Web of Science 6aze cy
JITaTH HAKOH CIIMCKA CBUX paJioBa KaHIUaTa.

4.7 KoHKpeTaH JONPUHOC KAHAMAATA y peajiu3aliju paJ0oBa y HAYYHUM LHEHTPUMA Y 3eMJ/bU U
HHOCTPAHCTBY

Kanmunar je 3HayajHO MOMPUHEO CBAKOM pajy y 4HWjoj MPHUIpPEeMH je ydecTBoBao. CBH pajioBH
o0jaBJbeHHU y TIeproly HakoH outyke Hayunor Beha MucTuTyTa 32 hri3uKy 0 mpeiory 3a CTUIAmke
MPETXOIHOT HAYYHOT 3Bama Ccy ypaheHH y capalmu ca KoJieramMa W3 3eMJbe M MHOCTpaHcTBa. [Ip
Panomuh je uMao KJbydHH JOMPUHOC IMyOJIMKAIlMjamMa Ha KojuMa je TIpBHU ayTop (2 pama) u apyru
aytop (7 pagoBa). Tokom u3pajie OBUX pajioBa, OH je OUTHO YTHIIA0 HA CaM TOK UCTPAXKUBAba, PATUO
Ha pa3Bojy U U3Bohemy oAroBapajyhux HyMepuUKuX CUMYyJalija, aHaTU31 PEJICBAaHTHUX T0/1aTaKa,



Ha TEOPHJCKUM M AHATUTHYKUM IPOpauyyHHMa, METOJUMa W TEXHHKaMma MpPUCTyNa MpodieMuma,
MHUCamy PajioBa, a Takohe je y4eCTBOBAO M Y KOMYHHKAIIM)HU Ca PELIEH3EHTUMA [TPUITUKOM MTPUTIPEME
pamoBa 3a 00jaBJbHBAE.

4.8 YBoaHa npeaBama HA KOH(epeHIMjaMa U APyra npeiaBama

VY nepuony HakoH oanyke Hayunor Beha o mpesyiory 3a CTUIalkhe MPETXOIHOT 3Bamba, KaHIUIAT je
oapxao cieaeha npenaBama 1Mo MO3UBY Ha Mel)yHApOIHUM CKYIIOBHUMA, KOja Cy IITaMIIaHa y U3BOLY
(xateropuja M32):
e M. Radonji¢, Hamiltonian Formulation of Hybrid Quantum-classical Systems, Nikola Buri¢
Memorial Workshop, 9. December 2016, Institute of Physics Belgrade, Serbia,

e M. Radonji¢, W. Kopylov, A. Balaz, and A. Pelster, Interplay of coherent and dissipative
dynamics in condensates of light, 659. WE-Heraeus-Seminar on “Condensates of Light”, 14-
17. January 2018, Physikzentrum Bad Honnef, Germany.

ITopen Tora, oapxao je u ciencha caommrema Ha MelyHapogHUM KOH(QEpeHIrjaMa, Koja Cy
HITaMIiaHa y u3Boay (kareropuja M34):

e M. Radonji¢, W. Kopylov, T. Brandes, A. Balaz, and A. Pelster, Microscopic Model of Photon

Condensation, 616. WE-Heraeus-Seminar on “Ultracold Quantum Gases — Current Trends and
Future Perspectives”, 9-13. May 2016, Physikzentrum Bad Honnef, Germany,

e Milan Radonji¢ and Philip Walther, Photonic simulation of open quantum systems with
various exchange statistics, PHOTONICA2017 The Sixth International School and Conference
on Photonics, 28. August - 1. September 2017, Belgrade, Serbia,

e M. Radonji¢, W. Kopylov, A. Balaz, and A. Pelster, Modeling Dye-Mediated Photon-Photon
Interaction in Condensates of Light, 82nd Annual Conference of the DPG and DPG Spring
Meeting, 4-9. March 2018, Erlangen, Germany,

e M. Radonji¢, W. Kopylov, A. Balaz, and A. Pelster, Interplay of coherent and dissipative
dynamics in condensates of light, 49th Annual DAMOP Meeting, 28. May - 1. June 2018, Ft.
Lauderdale, Florida, USA.

VY okBupy mehyHaponne capanmwe, Ap Pagomuh je onpikao cneneha mpenaBama Ha MHOCTpaHUM
YHUBEP3UTETUMA U UHCTUTYTHMA:

e Milan Radonji¢, Microscopic Model of Photon Condensation, 19. November 2015,
Department of Physics, Technical University of Kaiserslautern, Germany.

[Ipuror: mo3uBHa MHUCMa, aliCTPAKTH U3JIarama ca MPONPATHIM MaTePHjaJioM.



5. EJIEMEHTHU 3A KBAHTUTATUBHY OLHEHY HAYYHOT' TOIITPUHOCA

KAHJIMIATA

OCTBapeHI/I pe3yjiTaTn 'y nepuoay HaKOH OMJIYKeE Hayqnor Beha o npeaJsiory 3a CTuuame
NPETX0AHOI HAYYHOTI 3Balba:

Kareropuja M OoxoBa no Bpoj pagoBa Ykynno M Hopmupanu
pany 0ox0Ba o0poj M 0omoBa

M21la 10 4 40 35,48
M21 8 64 61,72
M22 4 20 18,33
M23 1 3 2,14
M32 1,5 2 3 3

M33 1 4 4 3,83
M34 0,5 4 2 2

Hopeljeﬂ,e ¢Ca MUHUMAJIHUM KBAHTUTATHBHHM YyC/JIO0BUMAa

3a u300p y 3Bame BHIIM HAYYHU

CapaJHUK:
OctBapeHo, OctBapeHo,
Munumanuu 6poj M 6o10Ba M 6onosa Oes3 HOpMHPaHHU
HopMHpawma | 6poj M GonoBa
VYkynHo 50 136 126,5
M10+M20+M31+M32+M33+M41+M42+M90 40 134 124,5
MI11+M12+M21+M22+M23 30 127 117,67

[Ipema 6a3u momaraka Web of Science nHa nan 1. oktoOpa 2018. roguHe, pagoBU KaHIUTaTa Cy
HUTHpaHU YKyNHO 166 myta, onHocHo 100 myra He pauyHajyhu camonutare. IIpema ucroj 6a3m,
XUpIIOB UHACKC KaHauaaTa je 8.



6. CIIMCAK PAJTOBA JIP MUJIAHA PAJOILURA

6.1 PaxoBu y MehynapoaHuMm yaconucuma u3y3eTHux Bpeanoctu (M21a)

PagoBu 00jaB/LeHU HAKOH MPETXOIHOT H300pa V 3Balh€:

1.

Borivoje Daki¢ and Milan Radonji¢, Macroscopic Superpositions as Quantum Ground States,
Phys. Rev. Lett. 119, 090401 (2017) (MD = 8,839 3a 2017. roauny),

D. Arsenovi¢, N. Buri¢, D. B. Popovi¢, M. Radonji¢, and S. Prvanovi¢, Cloning in nonlinear
Hamiltonian quantum and hybrid mechanics, Phys. Rev. A 90, 042115 (2014) (U® = 3,042 3a
2012. ronuny),

M. Radonji¢, D. B. Popovi¢, S. Prvanovi¢, and N. Buri¢, Ehrenfest principle and unitary
dynamics of quantum-classical systems with general potential interaction, Phys. Rev. A 89,
024104 (2014) (UMD = 3,042 32 2012. roauny),

PanoBu 00jaB/Lenu nocJie oivke Hayauor Beha o npeaiory 3a cruname NpeTrxXoaHor HAVIHOr

3Bamba.

4,

A. Maggitti, M. Radonji¢, and B. M. Jelenkovi¢, Dark-state polaritons in a degenerate two-
level system, Laser Phys. 23, 105202 (2013) (M® = 3,605 3a 2011. roguny),

PanoBu 00jaB/beHN Npe NPETXOAHOr U300pa y 3Bame:

5.

10.

11.

12.

13.

N. Buri¢, D. B. Popovi¢, M. Radonji¢, and S. Prvanovi¢, Hybrid quantum-classical model of
quantum measurements, Phys. Rev. A 87, 054101 (2013) (U® = 3,042 3a 2012. roguny),

N. Buri¢, I. Mendas, D. B. Popovi¢, M. Radonjié, and S. Prvanovié, Statistical ensembles in the
Hamiltonian formulation of hybrid quantum-classical systems, Phys. Rev. A 86, 034104 (2012)
(U®D = 3,042 3a 2012. roauny),

M. Radonji¢, S. Prvanovi¢, and N. Buri¢, Hybrid quantum-classical models as constrained
quantum systems, Phys. Rev. A 85, 064101 (2012) (UMD = 3,042 3a 2012. roauny),

M. Radonji¢, S. Prvanovi¢, and N. Buri¢, Emergence of classical behavior from the quantum
spin, Phys. Rev. A 85, 022117 (2012) (U® = 3,042 3a 2012. roguny),

A. J. Krmpot, M. Radonji¢, S. M. Cuk, S. N. Nikoli¢, Z. D. Gruji¢, and B. M. Jelenkovi¢,
Evolution of dark state of an open atomic system in constant intensity laser field, Phys. Rev. A
84, 043844 (2011) (UD = 2,878 32 2011. ronuny),

Milan Radonji¢, Slobodan Prvanovi¢, and Nikola Buri¢, System of classical nonlinear
oscillators as a coarse-grained quantum system, Phys. Rev. A 84, 022103 (2011) (UMD = 2,878
3a 2011. roguny),

S. M. Cuk, M. Radonjié¢, A. J. Krmpot, S. N. Nikoli¢, Z. D. Gruji¢, and B. M. Jelenkovié,
Influence of laser beam profile on electromagnetically induced absorption, Phys. Rev. A 82,
063802 (2010) (UMD = 2,908 3a 2008. roauny),

M. M. Mijjailovié, Z. D. Gruji¢, M. Radonjié, D. Arsenovi¢, and B. M. Jelenkovi¢, Nonlinear
magneto-optical rotation narrowing in vacuum gas cells due to interference between atomic dark
states of two spatially separated laser beams, Phys. Rev. A 80, 053819 (2009) (U® = 2,908 3a
2008. roauny),

A.J. Krmpot, S. M. Cuk, S. N. Nikoli¢, M. Radonjié¢, D. G. Slavov, and B. M. Jelenkovi¢, Dark
Hanle resonances from selected segments of the Gaussian laser beam cross-section, Opt.
Express 17, 22491 (2009) (MU® = 3,880 3a 2008. roauny),



14. M. Radonji¢ and B. M. Jelenkovi¢, Stark-chirped rapid adiabatic passage among degenerate-
level manifolds, Phys. Rev. A 80, 043416 (2009) (M® = 2,908 3a 2008. roauny),

15. Nikola Buri¢ and Milan Radonjié¢, Uniquely defined geometric phase of an open system, Phys.
Rev. A 80, 014101 (2009) (M® = 2,908 3a 2008. roguny),

16. M. Radonji¢, D. Arsenovi¢, Z. Gruji¢, and B. M. Jelenkovi¢, Coherent population trapping
linewidths for open transitions: Cases of different transverse laser intensity distribution, Phys.
Rev. A'79, 023805 (2009) (UD = 2,908 3a 2008. ronuny).

6.2 PanoBu y BpxyHcknM MehyHapoaHum yaconucuma (M21)

PanoBu 00jaB/LeHH HAKOH NPETXO0XHOr M300Pa V 3BaIhe:

17. M. Radonji¢, W. Kopylov, A. Balaz, and A. Pelster, Interplay of coherent and dissipative
dynamics in condensates of light, New J. Phys. 20, 055014 (2018) (U® = 3,786 32 2016. ronuny),

18. A. Maggitti, M. Radonji¢, and B. M. Jelenkovi¢, Dark-polariton bound pairs in the modified
Jaynes-Cummings-Hubbard model, Phys. Rev. A 93, 013835 (2016) (M® = 2,925 3a 2016.
TOJIUHY),

19. B. Zlatkovié, A. J. Krmpot, N. Sibali¢, M. Radonji¢, and B. M. Jelenkovié, Efficient parametric
non-degenerate four wave mixing in hot potassium vapor, Laser Phys. Lett. 13, 015205 (2016)
(MD = 2,964 3a 2013. roguny, pax objaBbeH 30.11.2015),

20. Wassilij Kopylov, Milan Radonjié, Tobias Brandes, Antun Balaz, and Axel Pelster, Dissipative
two-mode Tavis-Cummings model with time-delayed feedback control, Phys. Rev. A 92, 063832
(2015) (UMD = 2,991 3a 2013. roguny),

21. D. Arsenovi¢, N. Buri¢, D. B. Popovi¢, M. Radonji¢, and S. Prvanovi¢, Positive-operator-
valued measures in the Hamiltonian formulation of quantum mechanics, Phys. Rev. A 91,
062114 (2015) (UMD =2,991 3a 2013. roauny),

22. S. N. Nikoli¢, M. Radonji¢, N. M. Luci¢, A. J. Krmpot, and B. M. Jelenkovi¢, Transient
development of Zeeman electromagnetically induced transparency during propagation of
Raman-Ramsey pulses through Rb buffer gas cell, J. Phys. B 48, 045501 (2015) (UMD =1,9753a
2014. roguny),

23. Nikola Buri¢, Duska B. Popovi¢, Milan Radonjié¢, and Slobodan Prvanovié, Phase space theory
of quantum-classical systems with nonlinear and stochastic dynamics, Ann. Phys. (N.Y.) 343,
16 (2014) (UD = 3,318 3a 2012. roguny).

PanoBu 00jaB/Lenu nocJe oiiyke Hayunor seha o npeniory 3a ctuame NPeTXoHOr HAVYHOT
3BAlhA:

24. S.M. Cuk, A. J. Krmpot, M. Radonji¢, S. N. Nikoli¢, and B. M. Jelenkovi¢, Influence of a laser
beam radial intensity distribution on Zeeman electromagnetically induced transparency line-
shapes in the vacuum Rb cell, J. Phys. B 46, 175501 (2013) (M® = 2,031 3a 2012. roguny).

PanoBu o0jaB/beHM npe MpeTX0AHOT U300pa y 3Bame:

25. S. N. Nikoli¢, M. Radonji¢, A. J. Krmpot, N. M. Luci¢, B. V. Zlatkovi¢, and B. M. Jelenkovi¢,
Effects of a laser beam profile on Zeeman electromagnetically induced transparency in the Rb
buffer gas cell, J. Phys. B 46, 075501 (2013) (U® = 2,031 3a 2012. roauny),

26. M. Radonji¢, Slobodan Prvanovi¢, and Nikola Buri¢, Alternative routes to equivalent classical
models of a quantum system, Chin. Phys. B 21, 120301 (2012) (U® = 1,631 3a 2010. ronuny),



27. Z.D. Gruji¢, M. M. Leki¢, M. Radonji¢, D. Arsenovi¢, and B. M. Jelenkovié¢, Ramsey effects in
coherent resonances at closed transition Fg =2 — F, = 3 of 8’Rb, J. Phys. B 45, 245502 (2012)
(UD =2,031 3a 2012. roguny).

6.3 PanoBu y ucraknyrum mehynapoauum yaconucuma (M22)

PanoBu 00jaB/LeHH HAKOH NPETXO0XHOTr M300Pa V 3BaIhe:

ceye

Branislav Jelenkovi¢, Raman-Ramsey electromagnetically induced transparency in the
configuration of counterpropagating pump and probe in vacuum Rb cell, J. Opt. Soc. Am. B 32,
426 (2015) (UMD = 1,970 3a 2014. roauny),

29. N. Buri¢, D. B. Popovi¢, M. Radonjié¢, and S. Prvanovié, Orbits of hybrid systems as qualitative
indicators of quantum dynamics, Phys. Lett. A 378, 1081 (2014) (M® = 1,766 3a 2012. ronuny).

PanoBu 00jaB/Lenu nocJie oavke Hayagor Beha o npeaiory 3a cruame NpeTrxXoaHor HAVIHOr
3Balbha:

30. N. Buri¢, D. B. Popovi¢, M. Radonji¢, S. Prvanovié, Unified Treatment of Geometric Phases
for Statistical Ensembles of Classical, Quantum and Hybrid Systems, Int. J. Theor. Phys. 53,
1046 (2014) (UMD = 1,186 3a 2013. ronuny),

31. N.Buri¢, D. B. Popovié, M. Radonjié, and S. Prvanovi¢, Hamiltonian Formulation of Statistical
Ensembles and Mixed States of Quantum and Hybrid Systems, Found. Phys. 43, 1459 (2013)
(M1® = 1,170 3a 2012. roguny).

6.4 PanoBu y meh)ynapoauum yaconucuma (M23)

PagoBu 00jaB/LeHU HAKOH NPETXOIHOI H300pa V 3Bamh€:

32. 1. Mendas, N. Buri¢, D. B. Popovi¢, S. Prvanovi¢, and M. Radonji¢, Geometric Phase for
Analytically Solvable Driven Time-Dependent Two-Level Quantum Systems, Acta Phys. Pol. A
126, 670 (2014) (M® = 0,604 3a 2013. ronuny).

PanoBu 06jaB/beHU NIpe MPETXOAHOT U300pa y 3Bame:

33. A.J. Krmpot, S. M. Cuk, S. N. Nikoli¢, M. Radonji¢, Z. D. Gruyjié, and B. M. Jelenkovié, Laser
Beam Profile Influence on Dark Hanle Resonances in Rb Vapor, Acta Phys. Pol. A 116, 563
(2009) (UMD = 0,433 3a 2013. roguny),

34. N. Buri¢ and M. Radonji¢, Geometric Phase of an Open System, Acta Phys. Pol. A 116, 483
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21.  Influence of a laser beam radial intensity distribution on Zeeman electromagnetically induced transparency line-shapes in
the vacuum Rb cell
0 0 1 0 0 1 0.17
By: Cuk, S. M.; Krmpot, A. J.; Radonjic, M.; et al.
JOURNAL OF PHYSICS B-ATOMIC MOLECULAR AND OPTICAL PHYSICS Volume: 46 Issue: 17 Article Number: 175501 Published: SEP 14 2013
22. Hybrid quantum-classical model of quantum measurements
By: Buric, N.; Popovic, D. B.; Radonjic, M.; et al. 1 0 0 0 0 3 0.50
PHYSICAL REVIEW A Volume: 87 Issue:5 Article Number: 054101 Published: MAY 312013
23.  Effects of a laser beam profile on Zeeman electromagnetically induced transparency in the Rb buffer gas cell
By: Nikolic, S. N.; Radonjic, M.; Krmpot, A. J.; et al. 1 0 2 1 0 4 0.67

JOURNAL OF PHYSICS B-ATOMIC MOLECULAR AND OPTICAL PHYSICS Volume: 46 Issue:7 Article Number: 075501 Published: APR 142013

24.  Hybrid dynamics as a constrained quantum system

By: Buric, N.; Mendas, |.; Popovic, D. B.; et al.
Conference: 6th International Workshop on Decoherence, Information, Complexity and Entropy (DICE) Location: Castiglioncello, ITALY Date: SEP
17-21,2012 0 0 0 0 0 0 0.00
Sponsor(s): Univ Pisa; Domus Galilaeana; Centro Interdisciplinare Studio Sistemi Complessi (CISSC); Univ Salerno, Dipartimento Ingn
Industriale; Ist Italiano Studi Filosofici (IISF); Solvay Italia SA; Inst Phys Publishing (IOP); Springer Verlag; Hungarian Sci Res Fund (OTKA)
6TH INTERNATIONAL WORKSHOP DICE2012 SPACETIME - MATTER - QUANTUM MECHANICS: FROM THE PLANCK SCALE TO EMERGENT
PHENOMENA Book Series: Journal of Physics Conference Series Volume: 442  Article Number: UNSP 012027 Published: 2013
25.  Ramsey effects in coherent resonances at closed transition F-g=2 -> F-e=3 of Rb-87

By: Grujic, Z. D.; Lekic, M. M.; Radonjic, M.; et al. 1 0 0 1 0 2 0.29
JOURNAL OF PHYSICS B-ATOMIC MOLECULAR AND OPTICAL PHYSICS Volume: 45 Issue:24 Article Number: 245502 Published: DEC 28 2012

26.  Alternative routes to equivalent classical models of a quantum system

By: Radonjic, M.; Prvanovic, Slobodan; Buric, Nikola 0 0 0 0 0 1 0.14
CHINESE PHYSICS B Volume: 21 Issue:12 Article Number: 120301 Published: DEC 2012

27.  Statistical ensembles in the Hamiltonian formulation of hybrid quantum-classical systems

By: Buric, N.; Mendas, |.; Popovic, D. B.; et al. 3 0 0 1 0 21 3.00
PHYSICAL REVIEWA Volume: 86 Issue:3 Article Number: 034104 Published: SEP 27 2012

28.  Hybrid quantum-classical models as constrained quantum systems

By: Radonjic, M.; Prvanovic, S.; Buric, N. B 0 1 1 0 23 3.29
PHYSICAL REVIEW A Volume: 85 Issue:6 Article Number: 064101 Published: JUN 42012

29.  The connection between electromagnetically induced transparency in the Zeeman configuration and slow light in hot

rubidium vapor

By: Nikolic, S. N.; Djokic, V.; Lucic, N. M.; et al. 0 0 0 0 0 0 0.00
Conference: 3rd International School and Conference on Photonics Location: Belgrade, SERBIA Date: AUG 29-SEP 02, 2011
PHYSICA SCRIPTA Volume: T149  Article Number: 014009 Published: APR 2012

30.  Constrained quantum dynamics and coarse-grained description of a quantum system of nonlinear oscillators
By: Radonjic, Milan; Prvanovic, Slobodan; Buric, Nikola 0 0 0 0 0 0 0.00

Conference: 3rd International School and Conference on Photonics Location: Belgrade, SERBIA Date: AUG 29-SEP 02, 2011
PHYSICA SCRIPTA Volume: T149  Article Number: 014011 Published: APR 2012
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31.  Emergence of classical behavior from the quantum spin
By: Radonjic, M.; Prvanovic, S.; Buric, N. 2 0 0 0 0 9 129

PHYSICAL REVIEW A Volume: 85 Issue:2 Article Number: 022117 Published: FEB 132012

32.  Coarse-grained quantum systems and symmetries

By: Buric, N.; Prvanovic, S.; Radonjic, M.
Conference: 7th International Conference on Quantum Theory and Symmetries (QTS) Location: Prague, CZECH REPUBLIC Date: AUG 07-13, 2011 0 0 0 0 0 0 0.00
Sponsor(s): Czech Tech Univ, Fac Nucl Sci & Phys Engn, Dept Math & Phys; Bogoliubov Lab Theoret Phys Joint Inst Nucl Res; Acad Sci, Inst Phys
7TH INTERNATIONAL CONFERENCE ON QUANTUM THEORY AND SYMMETRIES (QTS7) Book Series: Journal of Physics Conference Series
Volume: 343 Article Number: 012018 Published: 2012

33.  Evolution of dark state of an open atomic system in constant intensity laser field

By: Krmpot, A. J.; Radonjic, M.; Cuk, S. M.; et al. 1 0 1 0 0 4 0.50
PHYSICALREVIEW A Volume: 84 Issue:4 Article Number: 043844 Published: OCT 252011

34.  system of classical nonlinear oscillators as a coarse-grained quantum system

By: Radonjic, Milan; Prvanovic, Slobodan; Buric, Nikola 2 0 0 0 0 15 1.88
PHYSICAL REVIEW A Volume: 84 Issue:2 Article Number: 022103 Published: AUG 2 2011

35.  Dark Hanle resonance narrowing by blocking the central part of the Gaussian laser beam

By: Krmpot, A. J.; Nikolic, S. N.; Cuk, S. M.; et al.
Conference: 16th International School on Quantum Electronics - Laser Physics and Applications Location: Nessebar, BULGARIA Date: SEP 20-24,
2010 0 0 0 0 0 0 0.00
Sponsor(s): SPIE; Inst Elect, Bulgarian Acad Sci; Opt Soc Amer; European Phys Soc; Natl Techn Univ Athens, Sch Appl Math & Phys Sci; European
Opt Soc; VIVACOM
16TH INTERNATIONAL SCHOOL ON QUANTUM ELECTRONICS: LASER PHYSICS AND APPLICATIONS Book Series: Proceedings of SPIE Volume:
7747  Article Number: 77470E Published: 2011
36.  Influence of laser beam profile on electromagnetically induced absorption

By: Cuk, S. M.; Radonjic, M.; Krmpot, A. J.; et al. 0 0 0 0 0 2 0.22
PHYSICAL REVIEWA Volume: 82 Issue:6 Article Number: 063802 Published: DEC 12010

37.  Dark Hanle resonances from selected segments of the Gaussian laser beam cross-section

By: Krmpot, A. J.; Cuk, S. M.; Nikolic, S. N.; et al. 0 0 0 0 0 6 0.60
OPTICS EXPRESS Volume: 17 Issue: 25 Pages: 22491-22498 Published: DEC 7 2009

38.  Nonlinear magneto-optical rotation narrowing in vacuum gas cells due to interference between atomic dark states of two

spatially separated laser beams

By: Mijailovic, M. M.; Grujic, Z. D.; Radonjic, M.; et al.

PHYSICAL REVIEWA Volume: 80 Issue:5 Article Number: 053819 Published: NOV 2009
39.  stark-Chirped Rapid Adiabatic Passage in a Multilevel Atom

By: Radonjic, M.; Jelenkovic, B. M. 0 0 0 0 0 0 0.00
Conference: International School and Conference on Photonics (PHOTONICA09) Location: Belgrade, SERBIA Date: AUG 24-28, 2009

ACTA PHYSICAPOLONICAA Volume: 116 Issue:4 Pages: 476-478 Published: OCT 2009
40.  Geometric Phase of an Open System
By: Buric, N.; Radonjic, M. 0 0 0 0 0 1 0.10

Conference: International School and Conference on Photonics (PHOTONICA09) Location: Belgrade, SERBIA Date: AUG 24-28, 2009
ACTA PHYSICA POLONICAA Volume: 116 Issue:4 Pages: 483-485 Published: OCT 2009
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41.  Laser Beam Profile Influence on Dark Hanle Resonances in Rb Vapor

By: Krmpot, A. J.; Cuk, S. M.; Nikolic, S. N.; et al. 0
Conference: International School and Conference on Photonics (PHOTONICA09) Location: Belgrade, SERBIA Date: AUG 24-28, 2009
ACTA PHYSICA POLONICAA Volume: 116 Issue:4 Pages: 563-565 Published: OCT 2009

42.  stark-chirped rapid adiabatic passage among degenerate-level manifolds

By: Radonjic, M.; Jelenkovic, B. M. 0 0 1 0 0 3 0.30
PHYSICAL REVIEW A Volume: 80 Issue:4 Article Number: 043416 Published: OCT 2009

43.  Numerical simulation of Raman resonance due to the Ramsey interference induced by thermal motion of atoms

By: Grujic, Zoran; Arsenovic, Dusan; Radonjic, Milan; et al. 0
Conference: 15th Central European Workshop on Quantum Optics Location: Belgrade, SERBIA Date: MAY 29-JUN 03, 2008
PHYSICA SCRIPTA Volume: T135  Article Number: 014026 Published: JUL 2009

44.  Uniquely defined geometric phase of an open system

By: Buric, Nikola; Radonjic, Milan 2 0 1 1 0 16 1.60
PHYSICAL REVIEW A Volume: 80 Issue:1 Article Number: 014101 Published: JUL 2009

45.  Coherent population trapping linewidths for open transitions: Cases of different transverse laser intensity distribution

By: Radonjic, M.; Arsenovic, D.; Grujic, Z; et al. 2 0 0 2 0 15 1.50
PHYSICAL REVIEW A Volume: 79 Issue:2 Article Number: 023805 Published: FEB 2009

46.  Open system CPT with spatially separated pump and probe beams

By: Jelenkovic, B. M.; Arsenovic, D.; Grujic, Z.; et al.

Conference: Conference of the 15th International School on Quantum Electronics - Laser Physics and Applications Location: Bourgas, BULGARIA
Date: SEP 15-19, 2008

Sponsor(s): Bulgarian Acad Sci, Inst Elect; ASO Sofia - Austrian Sci & Res Liaison off; HORIBA Jobin Yvon GmbH; Optella Ltd; Coherent Inc

15TH INTERNATIONAL SCHOOL ON QUANTUM ELECTRONICS: LASER PHYSICS AND APPLICATIONS Book Series: Proceedings of SPIE Volume:
7027  Article Number: 70270D Published: 2008

47.  Line-shapes and widths of CPT resonances: Effect of laser beam profile in open atomic system
By: Radonjic, M.; Arsenovic, D.; Grujic, Z.; et al.
Conference: Conference of the 15th International School on Quantum Electronics - Laser Physics and Applications Location: Bourgas, BULGARIA
Date: SEP 15-19, 2008
Sponsor(s): Bulgarian Acad Sci, Inst Elect; ASO Sofia - Austrian Sci & Res Liaison off; HORIBA Jobin Yvon; Optella Ltd; Coherent Inc

15TH INTERNATIONAL SCHOOL ON QUANTUM ELECTRONICS: LASER PHYSICS AND APPLICATIONS Book Series: Proceedings of SPIE Volume:
7027  Article Number: 70270N Published: 2008
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ETTYCTOOTTT A OCXBAARY
Peny6iuka Cp6uja npnLiuc. 03 -04- 7014
MUHHUCTAPCTBO ITPOCBETE, ZF W cwnbor __panor
HAYKE U TEXHOJIOIIKOI PA3BOJA 7/ :
51 / 7 l

Komucuja 3a crHuame Hay9HHX 3Bamba 024

bpoj:660-01-00194/342
26.02.2014. roqune
beorpan

Ha ocnoBy umana 22. craBa 2. uiana 70. ctaB 5. 3aKOoHa O HayYHOMCTPAXKHUBAYKO]
nenatHoctH ("CiyxOenn rinacuuk Peny6muke Cpouje”, 6poj 110/05 u 50/06 — ucnipaska u 18/10),
uiaHa 2. craBa 1. u 2. tauke 1 — 4.(npunos3u) u wiana 38. [IpaBUIHHKA O MOCTYNKY H HAYUHY
BPEJHOBamha M KBAaHTHTATHBHOM HCKa3HBaby HAyYHOMCTPAKUBAUKUX pe3ysiTara HCTpaXHBaya
("Cnyx0enu rnacuuk Pemybmike Cpbuje", 6poj 38/08) u 3axTeBa KojH je 10 HE0

Hucuwuwuyw 3a pusuxy y beozpady

Komucuja 3a cTHIiare HayYHHX 3Barba HA CeHUIM oApKanoj 26.02.2014. roaune, noHena je

OJIYKY
O CTUHABY HAYYHOTI 3BABA

Ap Muaan Paoorwuh

CTHYE HAYYHO 3BakbE
Hayunu capaonux

y obnacTH NpUPOJAHO-MaTEMAaTHYKUX HayKa - (hu3uka

Ob P A 3J O X E B E
Hucuuuayw 3a pusuxy 'y beozpaoy

yTBpAHO je npeior 6poj 1173/1 ox 24.09.2013. roxune Ha cexnuuu HayuHor Beha MHcTHTyTA
¥ nozxHeo 3axteB KoMucHju 3a cTuuame Hay4HHX 3Bama 6poj 1219/1 ox 07.10.2013. roauue 3a
JIOHOLICH-E OJUTyKE O HCIYH-E€HOCTH YCIIOBA 3a CTHIake Hay4Hor 3Bawa Hay4nu capaonux.

Komucuja 3a cTuname HayyHHX 3Bamba je 10 MPETXOIAHO MPUOABHEHOM MO3HUTHBHOM
MHULIUBEeHY MarudHor HayyHor ondopa 3a (PM3MKY Ha CeAHHMUH oapxkaHoj 26.02.2014. roaune
pasMarpaia 3aXTeB M YTBP/JHWJIA J1a MMEHOBAHH HCIyH-aBa ycioBe u3 wiana 70. ctas 5. 3akoHa o
Hay4yHOHCTpaxuBaykoj aenatHocTd ("CnyxOenu rmacuuk Penybinke Cpbuje", 6poj 110/05 u
50/06 — ucnpaska 1 18/10), unana 2. crasa 1. 1 2. Tauke 1 —4.(npusiosu) u unana 38. [IpaBuiHnka
O MOCTYNKY W HA4YMHY BpPEAHOBaMka W KBAHTUTATHMBHOM HMCKAa3MBalbY HAYYHOHCTPAKHBAYKHX
pesynrara ucrpaxusada ("CiyxGenu rnacuuk Penybnuke CpOuje", 6poj 38/08) 3a cruuame
Hay4HoOr 3Bawba Hayunu capadnuxk, na je oU1y4uia Kao y U3pelu oBe o/UTyKe.

IIOHOLUCerM OB€ O/UTYKE€ HMEHOBAHH CTHYEC CBa I1paBa KOja MY Ha OCHOBY € IO 3aKOHY

npuIaaajy. »

Omiyky JIOCTaBHTH MOJHOCHOIlY 3aXTEBa, HMEHOBAHOM M apXMBM MuHMCTapcTBa
MPOCBETE, L1yKe U TEXHOJIOIIKOTr pa3Boja y beorpany.

NPEACEJHUK KOMUCHJE pee—— MHHMCTAI’
ap Cranncnasa Cromuh-I'pyjuuunh, G B

HAaY4YHH CABCTHHK

O Gt 7/7/ 7
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Institut za fiziku u Beogradu

Na osnovu obrazlozenog predloga Nauc¢nog saveta dodeljuje

STUDENTSKU NAGRADU
INSTITUTA ZA FIZIKU ZA 2014. GODINU

dr Milanu M. Radonjicu

za doktorsku disertaciju ,,Elektromagnetski indukovani koherentni
efekti u laserski pobudivanim Ramanovim rezonancama u parama
rubidijuma”.

=7

dr Bratislav Marinkovic dr Aleksandar Beli¢
predsednik Beograd direktor
Naucnog saveta 7.maj 2014. Instituta za fizi




SANMUNCHUK

ca IX ceagHunue N3bopHor n HactaBHo-Hay4yHor Beha dusmykor pakynteTta
oapKaHe y cpeay 1. jyna 2015. rogunHe

CegHuum npucycteyje 49 unaHosa N3bopHor n HactaBHo-Hay4yHor Beha.

Cnyxb6eHo oaCcyTHU: npod. ap MNetap Aynh

Mwupocnas Monosuh

OnpaBaaHo OACYTHM: npod. ap Bnagumup Munocasswesuh

npod. ap JosaH lNysosuh
npod. ap BnagaH Byykosuh
nou. ap 3opaH bopjaH

pou. ap Bnagummnp Musskosuh
pou. ap UeaH BuageHosuh

mp Cawa MBKosuh

BecHa Kosauesuh

BusbaHa Hukonuh

[ekaH ®akynteta npod. ap Jabnan dojunnosuh, otsopmo je ceaHmuy y 11:15 v npeanoxuno

cnepehn
OdHeBHN pep
1. YcBajatbe 3anucHuKa ca Vil cegHuue U3b6opHor n HactaBHo-Hay4Hor Beha.
MN360pHo Behe
2. YTBphuBarbe npegnora 3a nu3bop aupektopa NHCTUTYTa 32 GU3MKY M MHCTUTYTa 3a meTeoposiornjy dusmykor
¢dakynTeTa 3a MaHAaTHKU nepunog 2015-2018 rognHa
3. VYcBajatbe M3BewTaja Komucuje 3a n3bop HacTaBHUKA Du3MUKor pakynTeTa u 10:

a) jeaHor pegoBHOr Npodecopa 3a YKy HaydHy obnacT HykneapHa ¢usmka
b) jegHor peposHor npodecopa 3a yKy Hay4yHy obnact MpumerbeHa PpusmKa
C) jeAHOr acUCTEHTa 3a YKy HayyHy obaact dPusmka yecTMLa U Nosba

HactaBHO-Hay4HO Behe

4.

Oapehusare Komucuje 3a oueHy MCNyHEHOCTM YCN0Ba M ONPaBAAHOCT NPeANOXKeHe TeMe 33 U3paay AOKTOpCKe

aucepTaumje 3a:

a) MWNOLWA OPAXKURA, amnaomupaHor ¢pusmyapa, Koju je npujaBnmo AOKTOPCKY AMcepTaumjy nog HasuBoM:
,TEOPMJA HEPABHOTEXHOI, BPEMEHCKW 3ABUCHOTI ENEKTPOHCKOTI TPAHCNOPTA KPO3 KBAHTHE
TAYKE U MOJIEKYNE”

YcBajarbe M3BewTaja Komumcuje 3a oueHy MCNyHEeHOCTM YC/I0Ba M ONPaBAAHOCT NPeaioXKeHe Teme 3a uspaay

[LOKTOPCKe aucepTaunje n oapehnsatbe meHTopa 3a:

a) AHBEJIA MABUTUIA, amnaomupaHor pusmyapa, Koju je NpujaBnmo AOKTOPCKY AucepTaLlmjy nod HasMBoOM:
,FORMATION OF DARK-STATE POLARITONS AND TWO-POLARITON BOUND STATES IN ARRAYS OF ATOMS
AND OPTICAL CAVITIES” (Popmupatbe TaMHUX NONAPUTOHA U 4,BO-NONAPUTOHCKMX BE3AHMX CTakba Y
HW30BMMa aTOMa M ONTUYKMUX MUKPOpPE3OHATopa)

b) MAPWUIY MAPJAHOBWTR, annnomupaHor ¢pusmyapa, Koja je npujaBmna AOKTOPCKY AMcepTaumjy noa
Hasueom: ,[MOTPATA 3A CYNEPCUMETPUYHUM HYECTULAMA NPOAYKOBAHUM JAKOM UHTEPAKLUMIOM
NMOMORY AT/IAC OETEKTOPA U UHTEPMPETALMIA PE3YNITATA Y OKBUPY pMSSM MOLENA“

c) WPUHENA TANANATY, aunaomupaHor pusmyapa, Koju je NpunjaBnmo JOKTOPCKY AucepTaumjy nos HasMBOM:
LMCMUTUBAHE PEFY/IAPHOCTU LUTAPKOBOT LUMPEHA KOO U3OENIEKTPOHCKUX HU3OBA NUTUIYMA U
HATPUJYMA“

Oapehusare Komucuje 3a npernes v oueHy AOKTOPCKe AucepTauuje 3a:



5.

1. jynu 2015.

0p Padomup Mukuh, Hay4yHu casemHuxk N

Ta4yKa

YcBojeH je M3BewTaj Komucuje 3a oueHy MCNyHEHOCTN YCA0Ba U ONPABAAHOCT NPea/ioKeHe

Teme 3a U3pagy AOKTOPCKe aucepTaumje n ogpeheH meHTop 3a:

a)

b)

AHBENTA MABUTWUIA, annnommpaHor ¢usmnyapa, Koju je NpmnjaBno A0KTOPCKY AncepTaumjy
noz Hasmsom: ,FORMATION OF DARK-STATE POLARITONS AND TWO-POLARITON BOUND
STATES IN ARRAYS OF ATOMS AND OPTICAL CAVITIES” (Popmunpatse TaMHUX NOMapPUTOHA U
ABO-MONAPUTOHCKUX BE3aHUX CTakba Y HU30BMMA aTOMa M ONTUYKMX MUKPOPE30HATOPa)
MeHmop: 0p MunaH Padorsuh, Hay4HU capadHuK N

MAPWJY MAPJAHOBWT, gunaomupaHor ¢pmsnyapa, Koja je npmjaBuna AOKTOPCKY
ancepTaunjy nog Hasmeom: ,,MOTPATA 3A CYNEPCUMETPUYHUM YECTULAMA
MPOAYKOBAHUM JAKOM UHTEPAKLIMJIOM MOMORY AT/IAC OETEKTOPA U
MHTEPMNPETALMIA PESYNTATA'Y OKBUPY pMSSM MOLENA”

MeHmop: dp Mapuja Bparew-Munocasmesuh

UPUHENA TANANATY, gunaomupaHor ¢p1snyapa, Koju je NprjaBmo AOKTOPCKY aAncepTtaumjy
nop, Hasmsom: ,, UICMUTUBAHE PEIMYJTAPHOCTU LWUTAPKOBOT LUMPEHA KO,
M3OENEKTPOHCKNX HU3OBA TNTUIYMA U HATPUIYMA“

Me+Hmop: npog. op NeaH LojyuHosuh

Ta4yKa

OppeheHa je Komucuja 3a npernes v oLeHy LOKTOPCKe gucepTaumje 3a:

a)

b)

FTOPAHA CPETEHOBURA, gmMnaomupaHor ¢pmsnyapa, Koju je npenao A0KTOPCKY AncepTaumjy
nog Hasmsom: ,,CMEKTPOCKOMCKA UCTPAXKUBAHA ANHAMMWKE PA3BOJA CTPUMEPA Y
XEANIYMY*
Komucuja: 0p Munopad Kypauuya, pedosHu npogecop @@

0p bpamucnas O6padosuh, saHpedHu npogecop dd

Op HeseHa lMyay, suwu Hay4yHU capadHuUK No

MWPJAM BYJAANUHOBWH, annnomupaHor meteoposiora, Koja je npeaana AOKTOPCKY
aucepTtauujy nog Hasmsom: ,MOAE/TUPAHE XMAPONOLWKOT ULNKAYCAY MHTETPUCAHOM
FTEOPNU3NYKOM CUCTEMY“
Komucuja: 0p bopusoj Pajkosuh, saHpedHu npogecop P y neHzuju

0p Bnadoumup byphesuh, doueHm @

O0p AHa Bykosuh, doueHm [losbonpuspedHoz pakynmema

ANEKCAHOPA TOMOBURA, gunnomupaHor pusnyapa, Koju je npesao SOKTOPCKY
avcepTtaumjy nog Hasmsom: ,,EJTIEKTPOHCKE OCOBMHE N MOP®OJTIOTMNJA TAHKNX
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Formation of dark-state polaritons and two-polariton bound states in arrays of atoms
and optical cavities

<DopMV|paH=e TaMHUX NoNlapuToHa 1 OBO-NMONMAapUTOHCKNX BE€3aHUX CTaka Yy HU30BMMa atoMa U ONTUYKUX MUKpope3oHaTopa.

[okTopaHa:
Maggitti, Angelo

dakynTert:
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07-04-2016
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I Angelo_Maggitti_referat_disertacija_FIF.pdf (253.3Kb) 0002-2507-9099)
(/bitstream/handle/123456789/7258/Angelo_Maggitti_referat_disertacija_FIF.pdf?
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CaxerTak:

This thesis covers a theoretical analysis of non-interacting and interacting quasi particles, called polaritons. Polaritons are composites,
based on photonic and atomic excitations in a tunable and controlled manner. Dark-state polaritons, as a subclass of polaritons, are very
curious objects, as they can act as a quantum memory of photons within an ensemble of alkali-metal atoms in -type conguration which
admit electromagnetically induced transparency (EIT). This thesis focus on the formation of dark-state polaritons in degenerate two-level
systems, where two light elds, a quantum probe and a classical driving eld, couple the same transition between the ground state and
excited state manifold. An algorithm is going to be derived in order to determine the dispersion relation and inherent composition of the
dark-state polaritons in the degenerate two-level system. The algorithm is based on a microscopic equation of motion technique and
provides an extension of the non-degenerate case. Depending Buwe

Ova teza predstav a teorijsku analizu neinteragujuih i interagujuih kvazi-gestica, tzv. polaritona. Polaritoni su kombinacije fotonskih i atom-
skih ekscitacija u kontrolisano promen ivom odnosu. Vrsta polaritona, tamni polaritoni, su veoma neobigni objekti budui da mogu da slue
kao kvantna memorija za fotone unutar ansambla atoma alkalnih metala u - konfiguraciji, a u vezi sa efektom elektromagnetno indukovane
transparen- cije (EIT). Teza se fokusira na prougavae formiraa tamnih polaritona u sistemima sa dva nivoa, osnovnim i pobuenim, koji
poseduju mnogostrukosti degenerisanih podnivoa i spregnuti su kvantnim probnim i klasignim kon- trolnim laserskim po em. Bie izveden
algoritam za dobijae disperzione relacije i odgovarajueg sastava tamnih polaritona u sistemima sa dva-nivoa i degeneracijom. Algoritam je
zasnovan na tehnici mikroskopskih jednaqgina kretaa i predstav a proxiree slugaja bez degeneracije. Bie pokazano da u zavisnosti od
polarizacije po a mogu postojati jedan ili dva tamna Bwuwe

Krby4yHe peuu:

EIT, dark-state polaritons, cavity QED arrays, interacting darkpolaritons, dark-polariton bound pairs, quantum memory of light and disorder;
elektromagnetno indukovana transparencija (EIT), tamni polaritoni, niz kvantno-elektrodinamigkih mikrorezonatora, interagujui tamni
polaritoni, vezani parovi tamnih polaritona, kvantna memorija za fo- tone i neureee
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3axBaJTHUIIA

Ha npyorcenoj nodpwyu mokom ucmpascusatba, a U 8aH capadrve Ha udpadu 00k-
mopama, 0yboko buxr ce 3axearuo menmopy dp Munrany Padorwuhy u komenmopy
dp Bparucaasy Jeaenrxosuhy xoju cy 6pojrum QUCKycujama u casemuma JonpuHest
CMBAPatbYy 08€ ME3E U NPOWUPErY MO2 3HAA NPEBAWOOHO U3 00AGCMU KE8AHMHE
onmuke, aru U U3 Puauke yonuime.

Hanwe bux ce 3axsaruo xorezama ca Hnemumyma za pusuky u Quauuroe daryn-
mema y Beoepady koju cy mu npyHcusu noOPWKY U NPUIAMEHCTNEO TMOKOM UeA02
doxmopama. Onywmena OpYsicerva U pasze06opu KOju HUCY DUAY HENOCPEIHO BE3GHU
36 pusury donpuresl Y C8EYKYNHO] NO3UTNUCHO] ammochepu.

Taxohe srceaum da ce 36T6aIUM NPUJAMESUME 8GH CMYIUJCKO2 NPOPAMA KOJU CY
MU YACTULAAY MPEHYMEKE YNO3HABAEM JUSHE APTUMEKYPE U KYAMYPHE baULmMuUHe
epada Beoezpada ca jedne cmpane, a ca dpyze cmpane u bozamoez onywmajyhee nohroz
2HCUBOMA.

Csojum dusnum podumenuma, majuu Iopdanu u ouy Arppedy srcesum najuckpe-
HUje da ce 3aT6AAUM HA NPYNHCEHO] HYOASU U NOIPULYL, HE CAMO MOKOM JOKMOPAMa

HE20 U MOKOM UEA02 CBO2 HCUBOTNA.

beoepad, 25. deuembap 2015.
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[IOTBPJIA O PYKOBOBEWBY ITOTITPOJEKTOM

OsuMm noTBphyjem 1a Hay4nu capaauuk Ap Muaan Pagomuh 3a xora ce nokpehe u3bop y
3Barb€ BUILIM HAy4YHH capaJHuK, y okBupy JlaGoparopuje 3a mpumeHny padynapa y Hayuu
Hauuonansor mneHTpa H3y3eTHHX BpEIHOCTH 33 HM3YYaBaAWmEe KOMILIEKCHHX CHCTEMa
MuctuTyTa 32 Qusuky y beorpany, oxHocHo y okBupy npojekta OH171017 ~Mozaenupame u
HYMEpHYKE CHMYJAlMje CIOXKEHHX BHIICUYECTHYHHX CHCTEMA™ PyKOBOAM MOTIPOjEKTOM:
.Y THLIA] IMHAMUYKOT Heypehera Ha ocobune bose-Ajumraju koHmen3ara®. Ha MOMEHYTOM
TMOTNPOJEeKTy Cy aHraxosanu ciejaehn ucrpakuBaun: 1p Munan Pajgomuh, 1p Usana Bacuh,
ap Bmammmup Jlonuap, ap Autyn banax, Bramumup Bemuh, Ama Xynoman, Jlyman
Bynparoswuh.

K020y

1p AHTYH banax
Hay4HH CaBETHHK
PykoBomunan npojexra OH171017

PyxoBounan IlenTpa 3a u3yyaBame KOMILIEKCHHX
cucrema MucturyTa 3a pusmky y Beorpany
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Speaker of the Quantum Optics, Quantum Nanophysics
and Quantum Information Group &

Speaker of the Research Platform TURIS

Faculty of Physics & VCQ
Boltzmanngasse 5, A-1090 Vienna, Austria

Tel: +43 (1) 4277 72560
Email: philip.walther@univie.ac.at
Web: http://walther.quantum.at
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To whom it may concern Vienna, September 21", 2018

Dear ladies and gentlemen,

it is my great pleasure to write a letter of recommendation for Milan Radonji¢, who has been part of
my research group at the University of Vienna as a postdoctoral researcher. During his research he
was the prime person in charge of managing the task of theoretical design of the quantum circuit
for the six-photon benzene simulation within the European QUCHIP project, in which he proved

himself very valuable regarding the efforts of the group as well as the project.

Milan Radonji¢’s results and achievements were of importance for ongoing experiments. Through
his work he could demonstrate that he possesses a great creativity and a scientific insight in solving

physical problems.

In conclusion, | give Milan Radonji¢ my high recommendation without any reservation.

Please send an e-mail or call me if you have any further questions.

With kind regards,

i,

Philip Walther


mailto:philip.walther@univie.ac.at
http://walther.quantum.at/
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Subject Review_request RADONJIC NG

From <prl@aps.org>
To <milanr@ipb.ac.rs>
Date 2015-03-18 18:48

Re:

Dear Dr. Radonjic,

We would appreciate your review of this manuscript, which has
been submitted to Physical Review Letters.

Comments from the editor:

We sent this referral first to another referee, who now informs us
that it has been passed to you. Since you will need personalized
access to the referee server, we send you this electronic referral
with pertinent instructions.We welcome you as a referee for the
APS journals and thank you for any help you can give us. Since you
are new, we would appreciate your checking and updating your
record via our referee server (https://referees.aps.org/);
particularly your contact information and expertise/interests. See
http://journals.aps.org/referee-information for more information
about reviewing for the Physical Review journals.

Please be aware that to access our referee server you will need to
have an active APS Journal account. For more information and to
create an account please go to https://journals.aps.org/signup.

Thank you for your help.
Yours sincerely,

Daniel Ucko
Associate Editor
Physical Review Letters

Email: prl@aps.org
http://journals.aps.org/prl/

IMPORTANT: Editorial "Review Changes"
http://journals.aps.org/prl/edannounce/PhysReviett.111.180001

We ask that you download the manuscript and return your report via:

Alternatively, you may send your completed Referee Response Form
by email to prl@aps.org. If you use email, either reply to this
message or give as the subject "Report RADONJIC NG

ABSTRACT:

FORMS AND MEMOS:

Please see the following:

http://journals.aps.org/prl/referees/advice-referees-physical-review-letters




Subject Review_request RADONJI¢ I
From <prl@aps.org>
To <milanr@ipb.ac.rs>
Date 2015-12-18 05:23

- IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Dear Dr. Radonji¢,

We would appreciate your review of this manuscript, which has
been submitted to Physical Review Letters.

Comments from the editor:

This might be publishable science, but does it meet the Physical
Review Letters criteria of impact, innovation, and interest?
Please comment on this in your report.

Thank you for your help.
Yours sincerely,

Mu Wang
Associate Editor
Physical Review Letters

Email: prl@aps.org
http://journals.aps.org/prl/

IMPORTANT: Editorial "Review Changes"
http://journals.aps.org/prl/edannounce/PhysReviett.111.180001

We ask that you download the manuscript and return your report via:

Alternatively, you may send your completed Referee Response Form
by email to prl@aps.org. If you use email, either reply to this
message or give as the subject "Report RADONJII¢ NN .

ABSTRACT:

FORMS AND MEMOS:

Please see the following:

http://journals.aps.or rl/referees/advice-referees-physical-review-letters
Advice to referees for Physical Review Letters

Physical Review Letters - REFEREE RESPONSE FORM

Insert X in the parentheses in the response form as appropriate.
Referee: Dr. Radonjic,

Manuscript Number: [

author:

e-—
e

PRL aims to publish innovative work of significant impact and interest.
Your report and recommendation should address the basic question about
any possible Letter: Why should this paper be published in PRL, rather
than in the Physical Review, which also publishes papers that
significantly advance physics?



subject Review_request RADONJI¢ I
From <prl@aps.org>
To <milanr@ipb.ac.rs>
Date 2017-05-03 15:48

N IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Dear Dr. Radonji¢,

We would appreciate your review of this manuscript, which has
been submitted to Physical Review Letters.

Comments from the editor:

This might be publishable science, but does it meet the Physical
Review Letters criteria of impact, innovation, and interest?
Please comment on this in your report.

Thank you for your help.
Yours sincerely,

Mu Wang
Associate Editor
Physical Review Letters

Email: prl@aps.org
http://journals.aps.org/prl/

IMPORTANT: Editorial "Review Changes"
http://journals.aps.or rl/edannounce/PhysRevlett.111.180001

We ask that you download the manuscript and return your report via:

|

Alternatively, you may send your completed Referee Response Form
by email to prl@aps.org. If you use email, either reply to this
message or give as the subject "Report RADONII¢ [N

ABSTRACT:

FORMS AND MEMOS:

Please see the following:

http://journals.aps.org/prl/referees/advice-referees-physical-review-letters
Advice to referees for Physical Review Letters

Physical Review Letters - REFEREE RESPONSE FORM

Insert X in the parentheses in the response form as appropriate.
Referee: Dr. Radonji¢,

Manuscript Number: [

author:

Title:
E—

PRL aims to publish innovative work of significant impact and interest.
Your report and recommendation should address the basic question about
any possible Letter: Why should this paper be published in PRL, rather
than in the Physical Review, which also publishes papers that
significantly advance physics?



Subject Manuscript Il Optics Communications Review Request
From Min Qiu <optcomm@zju.edu.cn>
Sender <ees.optics.631e.38f280.5e28d6e6@eesmail.elsevier.com>
To <milan.radonjic@ipb.ac.rs>
Date 2016-04-29 08:21

Dear Dr. Radonji¢,
The following manuscript has been submitted for publication in Optics Communications:

Tt L : |
Authors:
Manuscript: Please see web link below for access to manuscript PDF file and reviewing process.

Optics Communications has recently set stricter, higher standards for manuscript submissions, while still maintaining
its aim to provide short publication times to authors. Submissions should offer clear evidence of novelty and
significance. Papers devoted, for the most part, to mathematical and computational issues, with limited direct
connection to current trends of optics research, are generally not suitable for publication in the Journal. Similarly,
small technical advances, or papers concerned only with engineering applications or issues of materials science should
not be considered favourably. Full guidelines for reviewers and authors can be found at:

http://www.elsevier.com/wps/find/journaldescription.cws_home/505711/authorinstructions

I would very much appreciate your opinion on the suitability of this paper for publication in Optics Communications.
The report should be written constructively and tactfully, and be suitable for direct transmission to the author. You
should state whether:

-the manuscript meets the acceptance criteria outlined above.
-the authors have properly acknowledged related research.
-the contents are expressed clearly, concisely and in proper English

If you accept this invitation, your comments will be due within 15 days. If you are unable to act as a reviewer at this
time, I would greatly appreciate your suggestions for alternate reviewers.

For your convenience, below are the direct links to the individual functions for downloading the PDF file and accepting
or declining the review. Make sure that you are NOT logged into the Elsevier Editorial System at the same time. The PDF
file can only be downloaded once in this manner, but can also be retrieved the normal way by logging in to your
reviewer homepage.

To accept the reviewer invitation please click the link below:

In order to view the PDF of the submission, please go to

However if you wish to decline it, please click the link below:

Please see the instructions below for submitting your review. If you need more time for your review, please let me know
by replying to this email optcomm@zju.edu.cn

To submit your review (upload your review) -- please log into your EES reviewer homepage at:

http://ees.elsevier.com/optics/

Your username is: [

If you need to retrieve password details, please go to: http://ees.elsevier.com/OPTICS/automail query.asp.

To update your personal classifications and keywords, please proceed to the following link:
As a reviewer you are entitled to complimentary access to Scopus and ScienceDirect for 30 days. Full instructions and
details will be provided upon accepting this invitation to review.

In addition to accessing our subscriber content, you can also use our Open Access content. Read more about Open Access
here: http://www.elsevier.com/openaccess

Upon submission of your review report to the system, you will get access to your personalized Elsevier reviews profile
page as well as the possibility of creating a public page listing your reviews across all publishers in just a few
steps! See http://www.reviewerrecognition.elsevier.com and http://www.reviewerpage.com for more information.

Sincerely,

Min Qiu, Ph.D.
Editor of Optics Communications

Reviewer Guidelines are now available to help you with your review:
http://www.elsevier.com/wps/find/reviewershome.reviewers/reviewersguidelines




Subject Manuscript Il Optics Communications Review Request
From Myungshik Kim <eesserver@eesmail.elsevier.com>
Sender <eesserver@eesmail.elsevier.com>
To <milan.radonjic@ipb.ac.rs>
Reply-To Myungshik Kim <optcomm-editor@imperial.ac.uk>
Date 2018-04-15 09:08

Dear Dr. Radonji¢,

The following manuscript has been submitted for publication in Optics Communications:

Title: |
Authors:
Manuscript: Please see web link below for access to manuscript PDF file and reviewing process.

Optics Communications has recently set stricter, higher standards for manuscript submissions, while still maintaining its
aim to provide short publication times to authors. Submissions should offer clear evidence of novelty and significance.
Papers devoted, for the most part, to mathematical and computational issues, with limited direct connection to current
trends of optics research, are generally not suitable for publication in the Journal. Similarly, small technical advances,
or papers concerned only with engineering applications or issues of materials science should not be considered favourably.
Full guidelines for reviewers and authors can be found at:

http://www.elsevier.com/wps/find/journaldescription.cws_home/505711/authorinstructions

I would very much appreciate your opinion on the suitability of this paper for publication in Optics Communications. The
report should be written constructively and tactfully, and be suitable for direct transmission to the author. You should
state whether:

-the manuscript meets the acceptance criteria outlined above.
-the authors have properly acknowledged related research.
-the contents are expressed clearly, concisely and in proper English

If you accept this invitation, your comments will be due within 15 days. If you are unable to act as a reviewer at this
time, I would greatly appreciate your suggestions for alternate reviewers.

For your convenience, below are the direct links to the individual functions for downloading the PDF file and accepting or
declining the review. Make sure that you are NOT logged into the Elsevier Editorial System at the same time. The PDF file
can only be downloaded once in this manner, but can also be retrieved the normal way by logging in to your reviewer
homepage.

To accept the reviewer invitation please click the link below:

In order to view the PDF of the submission, please go to

However if you wish to decline it, please click the link below:

Please see the instructions below for submitting your review. If you need more time for your review, please let me know by
replying to this email optcomm-editor@imperial.ac.uk;m.kim@imperial.ac.uk
To submit your review (upload your review) -- please log into your EES reviewer homepage at:

https://ees.elsevier.com/optics/
Your username is: [N

If you need to retrieve password details, please go to: http://ees.elsevier.com/OPTICS/automail query.asp.

To update your personal classifications and keywords, please proceed to the following link:
https://ees.elsevier.com/optics/1.asp?i=452137&1=WNS4L1R]

As a reviewer you are entitled to complimentary access to Scopus and ScienceDirect for 3@ days. Full instructions and
details will be provided upon accepting this invitation to review.

In addition to accessing our subscriber content, you can also use our Open Access content. Read more about Open Access
here: http://www.elsevier.com/openaccess

Upon submission of your review report to the system, you will get access to your personalized Elsevier reviews profile page
as well as the possibility of creating a public page listing your reviews across all publishers in just a few steps! See
http://www.reviewerrecognition.elsevier.com and http://www.reviewerpage.com for more information.

Please also note that authors have been invited to convert their supplementary material into a Data in Brief article (a data
description article). You may notice this change alongside the revised manuscript. You do not need to review this, but may
need to look at the files in order to confirm that any supporting information you requested is present there.

Sincerely,

Myungshik Kim
Editor of Optics Communications

Reviewer Guidelines are now available to help you with your review:

http://www.elsevier.com/wps/find/reviewershome.reviewers/reviewersguidelines



Subject Manuscript I for review

From Optical and Quantum Electronics (OQEL)
<em@editorialmanager.com>

Sender <em.oqel.0.57a73b.28f1493f@editorialmanager.com>
To Milan Radonjic <milan.radonjic@ipb.ac.rs>

Reply-To Optical and Quantum Electronics (OQEL)
<sarvagnan.subramanian@springer.com>

Date 2017-12-03 20:13

Dear Dr. Radonjic,

In view of your expertise I would be very grateful if you could review the following manuscript which
has been submitted to Optical and Quantum Electronics.

Manuscript Number: |
Title: |

Abstract:

In case you are willing to review this submission please click on this link:

If you can not, or do not feel qualified, please click on this link:

We hope you are willing to review the manuscript. If so, would you be so kind as to return your review
to us within
21 days of agreeing to review? Thank you.

You are requested to submit your review online by using the Editorial Manager.

Your username is: |

If you forgot your password, you can click the 'Send Login Details' link on the EM Login page at
http://ogel.edmgr.com/

IN ORDER TO KEEP DELAYS TO A MINIMUM, PLEASE ACCEPT OR DECLINE THIS ASSIGNMENT ONLINE AS SOON AS
POSSIBLE!

If you have any questions, please do not hesitate to contact us. We appreciate your assistance.
With kind regards,

Guest Editors of S.I. : Photonica 2017
Springer Journals Editorial Office



Subject [IJMPB] I Reviewer Invitation
From Int. J. Mod. Phys. B (IJMPB) <em@editorialmanager.com>
Sender <em.ijmpb.0.5d7063.dc3d1c4f@editorialmanager.com>
To Milan Radonjic <milan.radonjic@ipb.ac.rs>
Reply-To Int. J. Mod. Phys. B (IJMPB) <ijmpb@wspc.com>
Date 2018-08-24 03:49

Journal Title: International Journal of Modern Physics B

Submission No.: INIINNEGEN

Submission Title : |HEEEE—S
| E—

| ————————E—
Corresponding Author : G

Dear Prof Radonjic,

You are invited to help kindly referee the above paper.
The abstract of the paper is here:

To download the PDF of the paper, please click this link:

We look forward to receiving a response to this review request within the next three weeks. Please recommend rejection if the paper
is not of acceptable quality.
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To accept the review request, please click this link:

(The comments can be submitted online through the link. There you will find spaces for confidential comments to the editor,
comments for the author and a blank report form. As it is desirable for scientific papers to be published in a timely manner, it
will be ideal if the comments can be received in 25 days.)

To decline the review request, please click this link:

(We would be very much grateful if you can suggest the names of two possible referees with their email addresses so that this paper
can get reviewed)

Please note that you will need to be logged off from the online review system (Editorial Manager) for the above links to function
properly. If there are problems in the above links, please access Editorial Manager directly here:
https://ijmpb.editorialmanager.com

Your username:

Your password:
Rk kR kR Rk kR Rk kR kR ke ke ko ko kR kX

We hope you will accept our review request and we thank you in advance for your contribution, also on behalf of the authors.
Thank you for your contribution to the growth of quality scientific literature.
Best regards,

IJMPB Editor
WSPC Journal Office
International Journal of Modern Physics B

www.worldscinet.com/ijmpb

Nobel Laureates: Their Lives, Thoughts & Achievements
the whole series of Nobel lectures in English since 1901

http://www.worldscibooks.com/nobel.shtml

50 YEARS OF ANDERSON LOCALIZATION
with contributions from Philip W. Anderson and edited by Elihu Abrahams
http://www.worldscibooks.com/physics/7663.html

BCS: 50 YEARS
all 23 chapters by outstanding physicists (including several Nobel Prize winners)
http://www.worldscibooks.com/physics/7728.html

If you would like your personal information to be removed from the database, please contact the publication office.



UNIVERSITY OF BELGRADE

INSTITUTE OF PHYSICSIBELGRADE

Pregrevica 118, 11080 Zemun - Belgrade, Serbia
Tel: +381 11 3713000, Fax: +381 11 3162190, www.ipb.ac.rs

Dr Milan Radoniji¢

Assistant Research Professor
Photonics Center,

Center for Complex Systems,
Institute of Physics Belgrade,
Pregrevica 118, 11080 Belgrade,

Belgrade, 21 November 2016 Serbia

LETTER OF INVITATION

Dear Dr Radonji¢,

On behalf of the Institute of Physics Belgrade, | cordially invite you to hold a talk in the forthcoming
conference “Nikola Buri¢ Memorial Workshop” that will be organized at the Institute of Physics
Belgrade, Serbia, on 9-12 December 2016. Given your outstanding expertise in the field of hybrid
quantum-classical systems, | am sure that the conference will significantly benefit from your impact.
Please let us know whether you accept our invitation and provide us the preliminary title of your talk.

Sincerely yours,

r Igor Franovic

Assistant Research Professor
E-mail: franovic@ipb.ac.rs
Scientific Computing Laboratory
Center for the Study of Complex Systems
Institute of Physics Belgrade



NIKOLA BURIC MEMORIAL WORKSHOP

9 December 2016, Institute of Physics Belgrade, Serbia

Book of Abstracts

L.

Workshop chair Co-chairs

Antun Balaz Igor Franovic

Slobodan Prvanovic

Webpage: http://nbmw.scl.rs



Nikola Buri¢ Memorial Workshop

Morning Session: Foundations of Quantum Mechanics and
Quantum Complexity

Antun Balaz
Dorde Sijacki
Branislav Jelenkovié

9:45-10:00 Opening of the Workshop

Quantum-to-classical Transition Through

10:00-10:30 Coarse-grained Measurements Caslav Brukner

Full Symmetry Implementation in Condensed
10:30-11:00 Matter and Molecular Physics — Milan Damnjanovié
Modified Group Projector Technique

Exploring the Boundaries of

11:00-11: -
00-11:30 Quantum Mechanics Hans-Thomas Elze

11:30-11:45 COFFEE BREAK

Quantum Cryptography Beyond
11:45-12:15 Key Distribution: Bit Commitment Nikola Paunkovié
and Secure Multiparty Computation

Hamiltonian Formulation of

12:15-12:45 Hybrid Quantum-classical Systems Milan Radonjic

Benefits of Generalizations

12:45-13:15 in Different Topics Dusan Arsenovic

LUNCH BREAK 13:15-14:30

14




Nikola Buri¢ Memorial Workshop

Hamiltonian Formulation of Hybrid Quantum-classical
Systems

Milan Radonji¢!>®

IScientific Computing Laboratory, Center for the Study of Complex Systems, Institute of Physics Belgrade,
University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
2Faculty of Physics, University of Vienna, Boltzmanngasse 5, 1090 Vienna, Austria.

dCorresponding author: milan.radonjic @ipb.ac.rs

In this talk an overview of the dynamical description of interacting quantum-classical systems will be given,
based on a novel approach recently introduced by N. Buri¢ and co-workers. General constrained Hamiltonian frame-
work is applied to quantum systems in order to tackle the emergence of classical systems and their consistent joint
treatment. Some results and emerging issues will be presented by following the development time-line of the approach.
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From Martin Weitz <weitz@uni-bonn.de>
To Milan Radonji¢ <milan.radonjic@ipb.ac.rs>

Cc <pelster@zedat.fu-berlin.de>, <r.nyman@imperial.ac.uk>, <jmjk@st-
andrews.ac.uk>, <steinseifer@iap.uni-bonn.de>

Date 2018-01-08 08:17

Subject Re: 'Condensates of Light' Heraeus Workshop: HOT TOPIC TALK? I m we b ma | |

Dear Dr. Radonjic,

thank you very much, we are looking forward to your talk.
(which will probably be Tuesday early afternoon).

Best regards,
Martin Weitz

On Sun, 07 Jan 2018 21:29:59 +0100
Milan Radonji¢ <milan.radonjic@ipb.ac.rs> wrote:
Dear Prof. Weitz,

thank you very much for the opportunity to deliver a hot topic talk. I am quite glad to accept it. The title
is "Interplay of Coherent and Dissipative Dynamics in Condensates of Light" and the abstract you may find in
the attachment.

Best wishes,
Milan Radonjic

On 2018-01-05 18:40, Martin Weitz wrote:
Dear Dr. Radonjic,

this email is to inquite whether you would be willing to deliver a hot

topic talk on a topic related to your recent preprint arXiv:1801.00155

on the upcoming condensates of light conference. If you accept this invitation,
please also send me a title of your talk very shortly (and best also

an abtract),

because we have to complete the program. The title could very well

id ‘dentical to

that of your preprint. We would be looking forward to your talk.

Best regards,
Martin Weitz

Prof. Dr. Martin Weitz

Institut fir Angewandte Physik der Universitat Bonn
Wegeler Str. 8

53115 Bonn

Germany

Tel: +49-(0)228-73-4837/4836

Fax: +49-(0)228-73-4835

e-mail: martin.Weitz@uni-bonn.de

https://www.qo.uni-bonn.de/

Munan Pagowuh

Hay4Hu capafHuk

LeHTap 3a OTOHMKY,

LeHTap 3a u3y4aBawe KOMMIEKCHUX cCUCTeMa,
WHCTUTYT 3a ¢u3nky bBeorpaa,

Mperpesuua 118, 11080 beorpaa, Cpbuja
http://www.scl.rs/milan/

Milan Radonjic

Assistant Research Professor

Photonics Center,

Center for Complex Systems,

Institute of Physics Belgrade,
Pregrevica 118, 11080 Belgrade, Serbia
http://www.scl.rs/milan/
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WILHEILM UND EISE HERAEUS-STIFTUNG

WE-Heracus-Stiftung, Postfach 15 53, D-63405 Hanau Telefon (06181) 92325-0
Fax (06181) 92325-15
Internet  www.we-heraeus-stiftung.de

Bearbeitung  Elisabeth Nowotka
Durchwahl (06181) 92325-12
E-Mail nowotka@we-heracus-stiftung.de

IEERTIFICATION Teilnahme-Bestitigung-mTite]_e-Std.doe
October 2017
This 1s to certify that
Dr. Milan Radonjic

Institute of Physics Belgrade /Serbia
has participated in our seminar

659. WE-Heraeus-Seminar on

‘Condensates of Light’ -
January 14 — 17, 2018 at the Physikzentrum Bad Honnef (Germany)

and has contributed to the scientific program with a hot topic talk, entitled
“Interplay of Coherent and Dissipative Dynamics in Condensates of Light

and a poster, entitled
“Modeling dye-mediated contribution to photon-photon interaction in
condensates of light”.

st
Elisabeth Nowotka
(Seminar Organization)

Die Wilhelm und Else Teraeus-Stiftung
ist eine Stiftung des biirgerlichen Rechts zur Férderung der Forschung und Ausbildung auf dem Gebiet der Naturwissenschaften.

Vorstand: Prof. Dr. Joachim Treusch (Vorsitzender), Ursula Heracus, Prof. Dr. Jirgen Mlynek
Geschaftsfithrer: Dr. Stefan Jorda



Interplay of Coherent and Dissipative Dynamics in
Condensates of Light
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Based on the Lindblad master equation approach, we obtain a detailed microscopic model of photons in a
dye-filled cavity, which features condensation of light [1-3]. To this end, we generalize a recent non-
equilibrium approach of Kirton and Keeling [4], such that the dye-mediated contribution to the photon-
photon interaction in the photon condensate is accessible due to an interplay of coherent and dissipative
dynamics [5]. We describe the steady-state properties of the system by analyzing the resulting equations of
motion of both photonic and matter degrees of freedom. In particular, we discuss the existence of two
limiting cases for steady states: photon Bose-Einstein condensate and laser-like regime. In the former
case, we determine the corresponding dimensionless photon-photon interaction strength by relying on
realistic experimental data and find a good agreement with previous theoretical estimates [6]. Furthermore,
we investigate how the dimensionless interaction strength depends on the respective system parameters.
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Convincing evidence of macroscopic occupation of the lowest mode for a gas of
photons confined in a dye-filled optical microcavity has been first presented in a
seminal experiment in Bonn [1] and recently also in London [2]. Thermal relaxation of
the dye molecules due to interaction with solvent gives rise to a Bose-Einstein
distribution of the microcavity photons in the experiment. These equilibrium
properties could recently be understood within the framework of a non-equilibrium
description [3,4]. We critically analyze and extend this description by including
coherent coupling between the dye molecules and the microcavity photons,
influenced by the solvent, in addition to a dissipative coupling that leads to
thermalization. Interestingly, we find that strong interaction of the dye molecules with
the solvent favors the thermalization dynamics and makes possible Bose-Einstein
condensation of photons. On the other hand, weak solvent influence promotes the
coherent dynamics and enables the formation of a laser-like state. Depending on the
values of experimental parameters different optical cavity modes may become
macroscopically occupied. The onset of the latter behavior has recently been noticed
in a simplistic two-mode laser model [5] that can be seen as a minimalistic precursor
of the detailed model of photon condensation.
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Photonic quantum technology has reached a point where it is almost viable to use photonic setups to simulate
the behavior of other quantum systems. Realistic quantum systems are inevitably influenced by the external
environment — they are open. When the environment introduces pronounced memory effects, one speaks of
non-Markovianity. The need to understand and the possibility of exploiting this phenomenon as a potential
resource for quantum information tasks has spurred an increasing interest in generating and manipulating non-
Markovian quantum dynamics using various experimental platforms, including photonic setups.

The essentially distinct dynamical behavior of quantum entities obeying different exchange statistics (e.g.,
bosonic, fermionic or anyonic) has to leave a marked signature on non-Markovianity. We will describe the
project that ultimately aims to emphasize and to explore theoretically the versatility of photonic setups for
simulating and studying the interplay between various exchange statistics and quantum non-Markovianity,
with the ultimate goal of identifying and experimentally validating the benefits for quantum information
applications.
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Based on the Lindblad master equation approach we obtain a detailed microscopic model of photons in a dye-filled cavity, which features condensation of
light. To this end we generalise a recent non-equilibrium approach of Kirton and Keeling such that the dye-mediated contribution to the photon-photon
interaction in the light condensate is accessible due to an interplay of coherent and dissipative dynamics. We describe the steady-state properties of the
system by analysing the resulting equations of motion of both photonic and matter degrees of freedom. In particular, we discuss the existence of two limiting
cases for steady states: photon Bose-Einstein condensate and laser-like. In the former case, we determine the corresponding dimensionless photon- photon
interaction strength by relying on realistic experimental data and find a good agreement with previous theoretical estimates. Furthermore, we investigate how
the dimensionless interaction strength depends on the respective system parameters.
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Microscopic model of photon condensation
Convincing evidence of macroscopic occupation of the lowest mode for a gas of photons confined in
a dye-filled optical microcavity has been first presented in a seminal experiment in Bonn [1] and
recently also in London [2]. Thermal relaxation of the dye molecules due to interaction with the
solvent gives rise to a Bose-Einstein distribution of the microcavity photons in the experiment.

Atomic decay
These equilibrium properties | - cavity could recently be

understood within the frame- |5 ey work of a non-
equilibrium description [3]. a = We will critically
analyze and extend this des- y @ @ @ — cription by inclu-
ding coherent coupling be- 19 1 k N tween dye mole-
cules and microcavity pho- A t : tons, influenced
by the solvent, in addition to , tomic pumping : a dissipative cou-
pling that leads to the . | % thermalization.

Interestingly, our prelimnary results indicate

that the strong interaction of the dye molecules with the solvent favors the thermalization dynamics
and makes possible Bose-Einstein condensation of photons.

On the other hand, weak solvent influence promotes the coherent dynamics and enables the
formation of a laser-like state. Depending on the values of experimental parameters different
optical cavity modes may become macroscopically occupied. The onset of the latter behavior has
recently been noticed in a simplistic two-mode laser model [4] that can be seen as a minimalistic
precursor of the detailed model of photon condensation.
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Abstract

Based on the Lindblad master equation approach we obtain a detailed microscopic model of photons
in a dye-filled cavity, which features condensation of light. To this end we generalise a recent non-
equilibrium approach of Kirton and Keeling such that the dye-mediated contribution to the photon—
photon interaction in the light condensate is accessible due to an interplay of coherent and dissipative
dynamics. We describe the steady-state properties of the system by analysing the resulting equations of
motion of both photonic and matter degrees of freedom. In particular, we discuss the existence of two
limiting cases for steady states: photon Bose—Einstein condensate and laser-like. In the former case, we
determine the corresponding dimensionless photon—photon interaction strength by relying on
realistic experimental data and find a good agreement with previous theoretical estimates.
Furthermore, we investigate how the dimensionless interaction strength depends on the respective
system parameters.

1. Introduction

Within the last decades open dissipative many-body quantum systems have emerged as a promising research
direction for both basic research and applications. In particular, this is due to the development of exquisite
technologies to coherently manipulate and control the internal and external degrees of freedom of atomic and
photonic matter, as well as their interaction. A prominent example at the immediate interface of quantum optics
and condensed matter physics is provided by the laser as a coherent light source which has contributed not only
to our modern understanding of non-equilibrium phase transitions in general but even to many useful
applications in our everyday life [ 1-4].

Another more modern prominent object of research is the Bose—Einstein condensate (BEC) of light, which
has so far been realised in a dye-filled microcavity at room temperature in Bonn [5], in London [6], and quite
recently also in Utrecht [7]. One of the key ingredients is the possibility of photons to acquire an effective mass by
trapping them in a cavity in two dimensions—without this, the photons would just disappear according to the
Planck law upon lowering the temperature. In the experiment, this is achieved via a curved-mirror cavity, which
changes the dispersion relation of the photons from linear to quadratic. Along the resonator axis the frequency
of the mode is quantised according to the resonance condition. Simultaneously, the curved mirrors create a
harmonic trapping potential for the photons in the transverse direction. The next crucial element is given by dye
molecules in the resonator, which are pumped incoherently. The multiple absorption and emission events
between the cavity photons and the dye molecules lead to a thermalisation of the light [8], so the resulting
photon BEC emerges from an equilibrium phase transition [9-11]. Photon thermalisation was also shown to be
possible in much simpler but periodically driven systems, such as double quantum dots [12], or a collection of
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harmonic modes [13], both coupled to some environment. Recently, an elaborate theoretical proposal for a BEC
of light in nanofabricated semiconductor micro-cavities has been put forward [14].

The usual atomic BEC as a thermal equilibrium phase transition occurs for temperatures below some critical
value [15, 16] when the resulting ground-state condensate acquires macroscopic occupation, while the
populations of the higher energy levels obey the Bose—Einstein distribution even before the transition. Phase
transition into a macroscopically occupied mode emerges as well in a controllable way in the laser case, but—in
contrast to the BEC—this transition depends on the rate of the loss and the pumping channels, which makes ita
non-equilibrium paradigm. The two transitions, which a priori seem to be incompatible with each other due to
their different nature, can thus be regarded as two sides of the same coin within a single non-equilibrium setup
[17]. Several studies concerning the similarities and differences of condensate and lasing states and their
appearance in different systems exist [ 18—23]. The investigation of systems and conditions under which a
complex equilibrium state can be realized within a non-equilibrium setup has developed into an attractive topic,
both in experiment and theory.

Apart from photonic systems, condensation effects of bosonic quasi-particles have also been observed in
solid-state physics for magnons [24—28] and exciton polaritons [29—34]. The latter quasi-particles can be created
in semiconductor micro-cavities using strong coupling between photons and particle-hole excitations [29]. A
non-equilibrium BEC of polaritons has been observed in various experiments in polymers [35, 36]. Surprisingly,
the transition therein is not always restricted to a mode with the lowest momentum [37].

The first microscopic model of a photon condensate was developed by Kirton and Keeling [38, 39], which
has recently been further extended by the same authors [40, 41]. They considered a dye-filled cavity with
multiple optical modes together with additional incoherent pump and loss channels and derived a Markovian
quantum master equation of the Lindblad type [42, 43]. Using an adiabatic elimination of the degrees of freedom
of the dye molecules, Kirton and Keeling obtained a mean-field equation for the occupation of the cavity modes.
The resulting steady-state turned out to have different physical properties depending on the values of the
respective system parameters. Provided that the relaxation time towards equilibrium is much shorter than the
life time of the photons in the cavity, the steady-state is given by a Bose—Einstein distribution, otherwise a laser-
like state occurs having macroscopic occupation of a higher energy mode. Inspired by such abehaviour, a
minimal two-mode laser model with a Dicke-like interaction was investigated [44]. Different phases with up to
four possible and up to two stable fixed points were found, some of which have an analogy to the laser-to-
condensate-like transition. However, this analogy is only quite limited due to the absence of a temperature scale
in the model. Quite recently, by considering the full spatial dynamics of light [40] a rich non-equilibrium phase
diagram featuring Bose—Einstein condensation, multimode condensation and lasing has been demonstrated
[45]. On the other side, by using the Schwinger—Keldysh formalism a Langevin field equation describing the
dynamics of photons in a dye-filled cavity was obtained [46] and later utilised to study phase fluctuations [47]
and phase diffusion [48] in such systems. Moreover, a quantum Langevin model for non-equilibrium
condensation of photons in planar microcavity devices was developed in [49] and recently extended to address
pseudo-thermalisation in driven-dissipative non-Markovian open quantum systems [50]. A theoretical
description of a photon condensate based on three-dimensional Maxwell equations, which are mapped viaa
paraxial approximation to a two-dimensional Schrédinger equation, was suggested as well [51]. We also note
that a unified theory for excited-state, fragmented and equilibrium-like Bose condensation in pumped photonic
many-body systems has recently been introduced in [52].

The theoretical modelling of dissipative condensates usually strives for a reduced description in terms of a
mean-field approximation in the form of a complex-valued Gross—Pitaevskii equation, which explicitly takes
into account gains and losses. It describes the system around this phase transition even in non-equilibrium
[53—55]. Within equilibrium, a real-valued Gross—Pitaevskii equation is a standard tool to describe
condensation effects [15, 16, 56—59]. At the present stage, the Gross—Pitaevskii-like equation for a photon
condensate can only be obtained by including a nonlinear self-interaction into the model on a
phenomenological level [5, 49, 51]. A more detailed investigation shows that this nonlinear self-interaction of
photons is mediated via the change of the refractive index of the dye molecules due to the mutual presence of the
optical Kerr and the thermo-optical effect [60]. Due to dimensional reasons the effective photon—photon
interaction strength ¢ in two spatial dimensions corresponds to a dimensionless number § = gm/h? [61],
which turns out to be of the order of 10~° — 108 for the Kerr and 10~ * for the thermo-optic effect, respectively
[60]. Based on the observed momentum- and position-resolved spectra and images of the photoluminescence
from thermalised and condensed dye-microcavity photons, the upper bound § < 107> was obtained [62]. In
addition, a theoretical investigation of the influence of photon—photon interaction on the number fluctuations
in a BEC of light [63] successfully explained the measurements [64] and estimated the range § ~ 1078 — 1077,
Surprisingly, even a much higher value for the interaction § ~ 1072 was recently measured [65].

In this paper we generalise the microscopic model of the photon BEC by Kirton and Keeling [38, 39] such
that the dye-mediated contribution to the photon—photon interaction strength becomes microscopically
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accessible due to an interplay of coherent and dissipative dynamics. To this end, in section 2 we work out in
detail the underlying model and discuss its improvements in comparison to [38, 39]. Based on the
corresponding Lindblad master equation, we derive the resulting equations of motion of expectation values of
the relevant system operators. In section 3 we determine the realistic model parameters in relation to current
experiments. We then proceed in section 4 to analyse the steady-state properties of the system and identify the
two limiting cases: a photon BEC and a laser-like regime. The latter one is novel and accessible precisely due to
the inclusion of the coherent dynamics. For the former case, in section 5 we determine the dye-mediated
dimensionless photon—photon interaction strength from realistic experimental data and, in particular, how it
depends on the respective system parameters. Section 6 presents our concluding remarks.

2.Model

Let us now introduce a physical system which encompasses both laser and photon BEC as the possible limiting
cases. This is going to be done in close correspondence with the actual experimental setups of photon BEC
experiments. We consider N identical non-interacting two-level systems (TLS) inside an optical cavity. The
transition between the two levels has the frequency A and it is nearly resonant with M modes of the cavity. The
dipole coupling between the TLS and the cavity modes has the strength ¢ and it is assumed to be sufficiently
weak so that the rotating wave approximation (RWA) holds. In the photon BEC experiments, the TLS were
actually dye molecules dissolved in a solvent. The dye molecules have very broad rovibrational absorption and
emission spectra, which can be modelled as an on-site phonon coupled to its own thermal bath [38, 39]. In
addition, due to frequent collisions with the solvent particles the dye molecules experience rapid dephasing.
Hence, we take that each of the TLS is coupled to its own reservoir of R >> 1 harmonic oscillators. This can be
thought of as a compound reservoir consisting of a phonon and its bath. The reservoirs are supposed to be
independent and of identical properties. The collisional dephasing rate of each TLS is denoted by -y, We also
assume that the TLS are incoherently pumped to the excited-state with the rate 7, and decay to the ground-state
with the rate 7 via spontaneous emission of photons outside of the cavity. The decay rate of all cavity modes is
abbreviated by k. A conceptually similar system has previously been treated by Kirton and Keeling [38, 39] using
amixture of the master equation and the Schwinger—Keldysh formalisms, but without accounting for the
dephasing quantitatively. Our approach, instead, is based entirely on the master equation formalism and we
improve several aspects of their model. Later on we underline those specific points and our enhancements that
enable us to have access to a completely different regime of physical parameters.

In reality, the coupling between TLS and some cavity mode will also depend on the spatial mode function. A
tractable model that incorporates the spatial dynamics was devised by Keeling and Kirton [40]. It has led to the
successful understanding of the recent experiments [6, 17]. However, the spatial dynamics introduces yet
another level of complexity to the theoretical description. It could be implemented in our approach as well, but
that would make the numerical calculations an order of magnitude more challenging. Thus, in the present work
we make two additional simplifying assumptions: (i) all TLS are at exactly the same position and (ii) all cavity
modes have the same intensity at the position of the TLS. This means that all TLS can be considered to evolve in
an equivalent manner. Later on we will indicate how these assumptions may influence some of our results.

2.1. Master equation
Due to the above mentioned assumptions we consider the system Hamiltonian (2 = 1)

M N
H=Y wnana, + > Hf{,)R + Vio (1a)
m=1 j=1
. A R ,
HYy = 7@ + Y olwebl by, + A (Y], + by )0k, (1b)
r=1
M N
Vie =22 > (a305 + a,0)), (1)

m=1 j=1

where w,,, denote the cavity-mode frequencies and a,,, (a;,) the bosonic annihilation (creation) operators of the
cavity modes. The Hamiltonian H 1({)11 describes the jth TLS and its reservoir, with (fji and o being its Pauli spin
operators. Bosonic annihilation (creation) operators and frequencies of the reservoir oscillators are b; , (b]'-tr) and
w,, respectively, while ), are the appropriate interaction strengths. Since the experimental spectra of the dye
molecules are very broad, we are led to assume that the TLS-reservoir coupling is strong. In order to treat it non-
perturbatively to all orders, we perform the polaron transformation H = UHU with
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U= exp ZO’ Z—(bT —b;) | ()

= r=1

and find
- A
A=Y wyaa, +Z—a +VUC+ZHR”, (3a)
m=1 j=1 j=1
B M N
Vie=2> > (ahoiD; + a,0/D}), HY = Z w, b, b; ,» (3b)

m=1 j=1

up to constant terms, where

D]i = ®51€Xp|::t B bj,r)] (4)

are the polaron displacement operators of the jth TLS. In this way, VH,C captures the coupling of the TLS and the
cavity modes which is dressed by the reservoir oscillators.

In order to proceed further, we assume that the oscillators in the polaron frame represent a bath in a thermal
state at temperature T

py= 25" N, exp[—BHY, (5)

where Zgstands for the canonical partition function and 3 = 1/(kg T) [66]. We consider such initial conditions
that the subsystem TLS-cavity is uncorrelated with the bath in the polaron frame, i.e., P,y = P}, c @ P Since
the coupling strength 4 is supposed to be weak, the bath influence can be incorporated by means of a master
equation, i.e., by treating Vu,c as a perturbation up to the second order [67, 68]. The first order contributes to
the coherent unitary evolution through the thermal—averaged term

Vucd—yZZ(ﬂmU] D) + a,,01 (D )p), (6)
m=1 j=1
where we introduced the notation (X); = Tr[Xp ;] for abath expectation value. Using the result

(explab’ — a*b])s = exp[—'T coth ﬁzw] 7)

for a harmonic oscillator of frequency win a thermal state, we find for the bath expectation value of the polaron
displacement operators (4)

(Dj")s = exp[ ZZ—C th ﬂ;wr] (8)

r=1"r

Hence, one can naturally introduce a bath-dressed TLS-cavity coupling strength 4, = = ¢(D; )5. Obviously, due
to(8)wehave 0 < g,/7 < 1,50 that the influence of the bath in the first order is to effectlvely reduce the TLS-
cavity interaction

<Vuc>d—%zz(“ o) + ay0)). ©)
m=1j=1

At this point we note that the previous first-order term was omitted by Kirton and Keeling [38, 39], based on the
implicit assumption that it is irrelevant due to the rapid collisional dephasing [69]. As we will demonstrate below,
its influence deep in the photon BEC regime turns out to be negligible, so this regime can be described
satisfactorily even if it is not taken into account. However, in the opposite laser-like regime such a term does play
amajor role, even in the presence of a fast sub-picosecond dephasing. Anyhow, on formal grounds, it should be a
part of the proper treatment.

We continue by applying the Born—Markov approximation as well as RWA, by tracing out the bath degrees
of freedom and by taking into account the cavity losses along with the pumping and the decay of the TLS,
similarly as [38, 39]. As already mentioned, we additionally account for the dephasing of the individual TLS.
Incoherent pumping can be formally described as coupling each TLS to a bath of inverted harmonic oscillators
[70]. With this we find that the reduced density matrix p; . of the TLS-cavity subsystem obeys the following
master equation
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Pic= _i[
m

- {ﬁ; fan] + 3

M=

M N
bma,a,, + %Z Z(a,LU]T + ama}“), pmcl

m=1 j=1

Il
—_

Y 7 — z
(ZTL[+]+ Lo+ 2 S [crj])

m=1 j=1
o~ - [ Vo
+3 Y (fuamay] + TmL[aJﬂ}]) Plic (10)
m=1 j=1

where L[X]p = {X'X, p} — 2XpX" and we have moved into the frame rotating with the frequency A, so that
Om = wy, — Astands for the detuning of the cavity mode from the TLS transition. The thermal fluctuations of
VH,C give rise in the second order of perturbation theory to the incoherent transitions described by the
dissipative Lindblad terms contained in the last double-sum of (10). The terms proportional to ' correspond to
the absorption of the cavity photons by the TLS, while those with the prefactor 7, represent the stimulated
emission into the cavity modes. The previous approach should be satisfactory whenever ViT,C has small
fluctuations around its thermal average and when the characteristic time scale, in which the bath modes undergo
adisplacement in order to adjust themselves to the instantaneous state of the TLS-cavity subsystem, is very short
in comparison with the time scale of the subsystem relaxation. Note that the additional Lamb shifts due to the
presence of the bath have been neglected as in [38, 39]. Due to the dynamical influence of the bath, the
corresponding rates wi = ~y(£6,,) turn out to be frequency-dependent and are obtained along the lines of
[38,39,71]as

¥(8) = 24°Re fo T e 20 o yr eittdy, (1)
with
Cs(t) = (D (1)D;")s — (Dj(1))3(D}")s (12)
being the retarded connected correlation function of the bath displacement operators. One can notice that the
pumping and the decay of the TLS yield an exponentially decaying factor in (11), i.e., they introduce an

additional level broadening [71]. The time evolution of Dj (¢) is generated by the free Hamiltonian HY, starting
from D; (0) = D; . Having in mind the result (7), one gets (D; (t))s = (Dj ) and

(D (t)D+ Yo = exp{ Z [(1 — cosw,t)coth 52 isi t]} (13)

Note that in the long-time limit the many oscillatory terms from the above sum simply add up to zero, such that,
recalling (8), one finds lim,_ ., (Dj’(t)D]-*)/ = <Df Yo <DJ+>J and lim,_, . Cs(t) = 0, i.e., the two displacement
operators of very distant moments in time become uncorrelated. In the Kirton—Keeling’s approach [38, 39], the
definition of the quantity (11) was actually without the last term of (12), i.e., C5(t) had a finite long-time limit.
On formal grounds, if both 7, and ~, are zero, that leads to a divergence of the absorption and emission rates of
resonant light, i.e., v(§ = 0) — oco. We trace this shortcoming back to the very absence of the first-order
coherent term (9) from their treatment. Thus, the two improvements we have made to their approach come

in pair.

The full master equation (10) is notoriously difficult to solve. However, its structure already reveals some
general features of the system dynamics. Namely, one can clearly distinguish the coherent and the dissipative
influence of the oscillator bath. The former one comes from the TLS-cavity coupling of the reduced strength
#;— inatypical laser-like fashion, while the latter one is realised through the terms containing 7 , which were
shown to lead to thermalisation of light and emergence of photon BEC [38, 39]. In the following we will
demonstrate that precisely their interplay determines these two limiting stationary behaviours, i.e., a photon
BEC or alaser.

2.2. Equations of motion approach

In order to be able to perform a quantitative analysis, we proceed to obtain the equations of motion for the mean
values of the system observables (X) = Tr[Xp 11,c)> €8 the populations of the cavity modes, the population
inversion of the TLS etc from the master equation (10). Since this procedure yields an infinite hierarchy of
coupled equations, we use the cumulant expansion method [72—75] to truncate the hierarchy at the second level,
i.e., we will keep the cumulants up to the second order only. If one wants to calculate higher-order correlation
functions, a higher level of truncation will be necessary. However, due to the presence of coherent terms in the
master equation, the situation becomes considerably more involved than in [38, 39], even at this second-order
truncation level.
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Wenote that the system possesses a U(1) gauge symmetry: a,, — a,,e %, a,, — a,e', o7 — oje"®and
o']+ — o—]+ e'?, ¢ € R.Inasingle experimental run a coherent field with a particular spontaneously chosen phase

¢ can build up. However, since the density matrix describes an average over many such realisations, the
following equalities hold (a,,) = (a,}) = (07) = (o) = 0 andsimilarly for all other gauge non-invariant
operators [73]. In particular, it means that (a,,07 ) = (a,,01 ), (a/a,,) = (a] a,,). etc., since

(XY) = (XY). + (X)(Y), where the index c denotes connected correlation functions. For instance, one has

(ala,of) = (afayof)e + (a{a,)c(of) + (afof) (a,) + (a,00)c ()

+ () (@) (of) ~ (afa,,) (oF). (14)
Due to the two simplifying assumptions mentioned in the beginning, we assume that all the TLS are mutually
equivalentsuch that, e.g., (o) = (of)and (6f0;) = (0 03)foralli, j = 1, ..., N and i = j. Theresulting

equations of motion for the cavity mode occupations (1,,) = (a,)a,,) read

d . v N
37 ) = =)+ iNg(@y0) - {amor) — = ) (1 = (oD))

+ %v;«nm L DA+ (0F)), (15)

whereas for the TLS population inversion (o{) we obtain

M
%<af> =31 = (1) — N+ (o) + 2igy > (ajor) — (a,07))
m=1
+ Z D) 1 = (01) — 1oul(n) + DA + (o)1, (16)

These equations are exactly like those of Kirton and Keeling [38, 39], apart from the coherent terms proportional
to g, which introduce the additional coupling to the mixed-type terms (a,, o)) = (a,} o7 )*. They measure the

correlation between TLS and cavity photons and evolve according to

d . Y+t A+ K
R R I

- %[H—W + <Uf>§:<azam> + (N — 1)<aﬁaz>]

2 k=1

_ 7_;:’ _ + _ z ﬂ _ + z
(N — D(a,,0") (1 — (o7)) + 4 (N — D{a,,0) (A + (o7))
- Z{ (a,,00) () + (ayor') (a,,a])]

+ L Lot () + 1+ ot afa1 . 7

where now the additional quantities (a; a,,) and (¢ o5 ) appear. The former represent the correlations between
different cavity modes, whose evolution is governed by

%(alja,,) =[—k + 16 — 6m)] <a,jam> + iNyﬂ(<amal+> — (a,jaf))

08+ A aal) L+ (o) = T+ ) (afa,) (1 — (o), a8)

and the latter the correlations between dipoles of different TLS following from

d _ M ~
E<0Taz>=—(w+w+4v¢)<ol+az igy(of Z a,01) — (ahor))

= > Uillofo3) () + (anor) (a,0i)]

+ Yul{ofoy) (n,) + 1) + (a,01) (a)o0)]}. (19)

Itis important to notice that the quantities (a,, o7 ), (4 a,,) and (6 0’3 ) can reach non-zero stationary values
precisely due to the coherent part of the evolution, which we have introduced in addition to [38, 39].

At this point, one additional specialisation is in order. Namely, based on the photon BEC experiments, we
consider the photon modes as being transverse, arising from a two-dimensional effective harmonic potential [5].
We thus consider regularly spaced cavity levelsw, = w; + (£ — 1)QwithZ = 1, ..., L, such that the energy
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Table 1. Parameters of the model adjusted to current experimental setup of photon BEC [5]. The first four parameters are
obtained from the fit to the absorption spectrum of the dye. The remaining parameters are taken from [17, 64, 81].

W, n g A K [ o T N

20.5 THz 0.6 2.46 GHz 3487 THz 3.5 GHz —260 THz —120 THz 300 K 10°

level w, has the degeneracy d, = 2¢, where the factor 2 comes from the two independent polarisations of light.
The lowest frequency w) represents the cavity cutoff. Since degenerate cavity modes evolve in the same manner,
we have

M L
Zf(am, al,..) = Z d, f (ag, a;,...), (20)
m=1 =1
for any arbitrary function f, where from each level w, we have chosen a representative mode described by a,
anda;.

2.3.Bath model

In the following we analyse the stationary solutions of the equations (15)—(19) in the two regimes: a photon BEC
and alaser-like regime. To this end, we specialise the model by choosing the bath spectral density, defined by
J(w) = Zle A2 §(w — ), to be super-ohmic with an exponential cutoff[76, 77]

J0) = ~Lw? exp(—w/w), 1)
where 1 represents a dimensionless parameter measuring the coupling strength of the TLS to the bath and w, is

the cutoff frequency of the bath. This allows us to obtain for (8) and (13) the closed-form expressions

(5.)

(Bw)?

(D)5 = expq2n |1 — (22a)

{1 —iwt 7 1+iwt 1
L) () -2

(1 — iw1)? (Bw)? ’ (220)

(Dy (1D} )3 = exp4n |1 —

where ¥(z) = I'(z) /T'(z) denotes a logarithmic derivative of the gamma function. In relation to the
experiments, both parameters 17and w, characterise the impact of the used solvent on the spectral properties of
the dye molecules. Below we discuss in detail that they change the absorption and the emission spectray( + 6)
drastically. Furthermore, they turn out to have an impact upon the resulting bath-dressed coupling strength 4.

3. Determination of realistic model parameters

In order to apply our theory to the current experimental setups, we have to fix the model parameters in the
experimentally accessible regimes. One of the key ingredients for the thermalisation of photons are the spectral
properties of the dye molecules [17, 50]. Whereas the Einstein rate coefficient for absorption Bi,(w) is usually
measured, the stimulated emission rate B, (w) is determined via the Kennard—Stepanov relation [78—80]

By1(w) _ﬁ_w
mw)ew(@J’ @

where the spectral (rovibrational) temperature T of the dye moleculesis T = 300 K[17]. Comparing the rate
equation from the supplemental material of [17] with our equation (15), we can interpret the rates ’y; = v(6m)
and 7y, = 7(—§,,) as the absorption and the emission rates By»(w,,) and B, (w,,), respectively. Therefore, we fit
the expression y(w — A) from (11), using equations (22a) and (22b) as well, to the experimentally measured
absorption spectrum Bj,(w) of the used Rhodamine 6G dye dissolved in ethylene glycol [81], by taking into
account the absolute value B1,(w = 3300 THz) = 1.3 kHz[17]. The fitting allows then to fix the parameters of
our bath model, namely the dimensionless coupling strength ) of the TLS and the bath, the cutoff frequency of
the bath w,, as well as the TLS-cavity coupling strength ¢ and the TLS transition frequency A, which physically
corresponds to the zero-phonon-line frequency of the dye. The obtained values are listed in table 1. Thus, the
fitted value for 7 = 0.6 leads to a rather small bath-dressed TLS-cavity coupling strength 4, = 8.3 x 10774, as
expected, since this corresponds to the BEC regime. ‘
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Figure 1. Absorption rate y(w — A) (brown/dark) fitted to measured data from [17, 81] (dash—dotted). Emission rate y(— w + A)
(orange/light) for same parameters. Absorption and emission rates are also shown for lasing regime with 7 = 0.1 (dashed).

Figure 1 shows the resulting fit for v(w — A) and the experimentally provided data. Note, that we do not fit
the absorption curve for w > 3700 THz, since most of the relevant cavity modes are not influenced by the
departure from the actual spectrum, as is indicated by the vertical dashed lines. If one wants to also fit this
higher-frequency region, the inclusion of another bath would be necessary since the experimental spectrum
displays the presence of another peak. A corresponding physical motivation in terms of another dye-molecule
active phonon coupled to a thermal environment was discussed in [39]. With the fitted values our theory
provides the emission rate curve y(— w + A) as well, which is shown in the same figure. The curves y(w — A)
andy(— w + A)cross at the frequency A. We checked that the Kennard-Stepanov relation (23) is valid in the
BEC regime for the relevant range of the cavity mode frequencies. For comparison, in the laser regime where is
small, the absorption and emission curves become squeezed towards the zero-phonon-line frequency A, see the
dotted curves in figure 1. However, the Kennard—Stepanov relation (23) in this regime is no longer granted for
frequencies highly detuned from A. The corresponding experimental number of dye molecules is taken to be
N = 10°, based on the extensive discussion in [64]. The loss rate 7 can be fixed to 0.25 GHz [81]. Furthermore,
the pumping of the TLS ; is considered as a control parameter which is tuned to cross the boundary of the phase
transition. Knowing that dye molecules experience at least 10'* collisions per second with solvent molecules
[82], we will consider herey, = 0.1 THz as a referent value. Since there is an uncertainty about the exact order
of magnitude of this rate, we will later analyse how its variation in a broad range of values influences our results.

In the experiment the cavity cutoff wavelength, corresponding to the mode of frequency wj, can be tuned
from 570 to 610 nm. The frequency separation of the cavity modes is 0.26 THz [5]. For the simulation we choose
wj to correspond to 585 nm, thus we get for the highest detuning §; = w; — A = —260 THz. Our simulations
cover the same spectral range as in [5], but due to computational complexity we choose a higher value
Q) = 1.4 THz, if not stated otherwise. The photon loss rate « is frequency-dependent [ 17], so we take a mean
value k = 3.5 GHz. For the sake of clarity the used spectral range is marked in figure 1 by vertical dashed lines.

4. Two regimes: photon BEC and laser-like state

Having discussed the realistic values of the model parameters, in this section we take:

N = 10°% w. = 20.5 THz, T = 300 K, g = 2.3 GHz, M= 0.25 GHz, N = 0.1 GHz, k = 3.5 GHz and

01 = —260 THz. The results will be presented for two values of the dephasing rate, v, = 0.1 THz estimated
from the literature [82] and a much larger one, 7, = 10 THz, for the sake of comparison. Here we take {2 = 10
THz and consider L = 20 energy levels of the cavity. In the following we distinguish two limiting regimes:

() 7 2 1.In this case one has g, / g = (Dji)ﬂ < 1, meaning that the coherent contribution of the bath is
highly suppressed and the evolution is dominated by the dissipative influence which leads to a
thermalisation of light and an emergence of photon BEC;

(ii) n < 1. Here one finds 7 /y ~ 1, so that the bath has a pronounced coherent influence. In addition, the

rates 'yi of the highly detuned cavity modes acquire orders of magnitude smaller values in comparison with
the previous regime, so that the dissipative influence becomes overwhelmed, but is still relevant. Hence, we
expect that the non-equilibrium stationary state is then highly coherent and laser-like.
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Figure 2. Stationary occupations n, of cavity modes # = 1, ...,20 when (a) 7 = 1.5 and (b) 7 = 0.05. Cyan colour corresponds to
74 = 0.1 THz, while green is used for v, = 10 THz. For other used parameters see main text. Note that in (a) the two cases are visually
indistinguishable.

For the regime (i) we choose ) = 1.5, yielding g, / g = 6.2 x 107%. The resulting steady-state solution yields the
distribution of occupations of the cavity modes 11, for # = 1, ..., 20 as shown in figure 2(a). It is noticeable that the
results (almost) do not depend on the value of dephasing rate. This is predictable since the coherent evolution is
anyhow largely suppressed in this regime. The lowest energy level is macroscopically occupied with about

2.84 x 10" photons. The straight line corresponds to a Bose—Einstein distribution log(1 + 1/n,) = 8(6, — ),
where i denotes the chemical potential. Such a state was already analysed in detail in [38, 39] and it was shown to
correspond to a photon BEC. Our approach enables us to additionally characterise the stationary states by their
photonic correlations. Namely, we have access to the quantities

i
a,Aapr
CK‘K,:M) 1<¢<¢ <1,

(24)
which provide a measure of correlations between representative cavity modes related to different energy levels.
Their values belong to the interval [0,1], where values close to 1 (0) correspond to a high (low) degree of
correlation. In case (i) wefind ¢, ,» < 4 x 1077, 1i.e., the photon BEC state has almost no correlation between
the modes of different frequencies. This is expected since the correlations build up through the coherent
evolution which is highly ineffective in this regime.

In the opposite regime (ii), we take 77 = 0.05, which gives g, /¢ = 0.67. The distribution of stationary
populations of the representative cavity modes is presented in figure 2(b) for two values of 74, namely 0.1 and
10 THz. In the former case, the cavitylevel # = 9 acquires macroscopic occupation of almost 1.90 x 107
photons, but the distribution is quite distinct from the Bose—Einstein one. In this case we find ¢, ,» > 0.996,
which demonstrates that the stationary state contains a quite high degree of correlations among the cavity modes
of different energies. This is expected since the coherent influence of the bath is very pronounced. The stationary
state is laser-like with some dissipative bath influence. For the larger value of the dephasing rate, thelevel # = 10
becomes macroscopically occupied with 1.76 x 10” photons, while ¢, ,» > 0.986. Interestingly, in the
considered parameter regime the results for v, = 0 would be almost indistinguishable from those for
74 = 0.1 THz. This means that there is a certain dephasing threshold below which the coherent system
dynamics is robust to the dephasing. Moreover, if one considered the full spatial structure of the cavity modes as
in [40], the aforementioned correlations would decrease due to only partial overlap among different modes.
However, this would not alter the present conclusions. We note that similar states supporting macroscopic
occupations of optical modes of higher energies were also observed in [38, 39] and, indeed, we can also
reproduce such behaviour in the regime (7). However, the steady-state we have just presented features near-unity
correlations of light, which represents a crucial difference and indicates that it is of an entirely different nature.
Moreover, for different values of the cavity decay rate even the lowest level can acquire macroscopic occupation,
while the populations of other cavity levels strongly depart from the Bose—Einstein distribution. Hence, the
stationary states in the two regimes (7) and (i) differ completely regarding the correlations and the distribution of
photons among the cavity levels, as a consequence of different influences of the bath.

5. Properties of photon BEC

In the following, we focus on interesting properties of the photon BEC. At first, we determine from our model
the equation of state. This allows then to extract the dimensionless effective photon—photon interaction strength
in the photon BEC regime and study its dependence on various model parameters, which could be tuned
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Figure 3. (a) Occupation of 1st, 2nd and some higher cavity levels as well as total occupation of all modes as function of pumping ;
reveals condensation for 7, > 7{" (vertical dashed line) for L = 101. Further increase of +, mainly populates the lowest level. Orange
triple-dashed vertical line marks the value 4, = 0.011 7. (b) Zoomaround 'y%’ shows onset of condensation in the lowest energy level
(green squares). Onset of condensation in total number of photons (red circles) becomes smoothened for higher number of levels (red

circles versus dashed and dotted lines). Transition is also visible in occupation of higher levels (blue rhombi). Parameters are listed in
table 1.

experimentally. We will adopt the terminology in accordance with the experiments and, for instance, instead of
TLS refer to dye molecules.

5.1. Equation of state
In this section we apply our theory to experimentally realistic values and determine at first the steady-state of the
equations of motion (15)—(19) for different pumping rates ; and evaluate the dependence of the chemical
potential ¢ on the total photon number n,,,, i.e., we obtain the equation of state j(11,,,). In the following we
present and discuss this procedure in detail by using the specific parameters from table 1, if not stated otherwise.
In figure 3(a) we show the occupation of different energy levels of the cavity in the BEC regime for the
increasing pump rate 7y, with all other parameters being fixed. The onset of the condensation starts at the critical
value 'y?. A zoom around 'y? is shown in figure 3(b). Clearly, the occupation of the lowest level d, 1, shows a
sudden increase at the critical point and becomes macroscopic afterwards. Further increase of 7, mainly
populates the lowest level, while the population of higher energy levels does not change significantly after the
transition. At the critical value of the pumping parameter ’y?r the total number of photons #n; = > éz ey
amounts to (7?) ~ 2800, which is quite close to the expected critical photon number for the condensation
onset in the case of non-interacting interacting bosons in two dimensions [15, 16] and at T = 300 K

ne = Tr_z(kB_T

2
= ) = 2640, (25)
3 LA

where the existence of two independent polarisations of light has been taken into account. Note that the rise of
the total photon number #,,, around the transition point becomes smoothened when the number of cavity levels
Lin the considered frequency range is increased, as is seen in figure 3(b). This can be explained with the
significant contribution of degeneracies d, of the energy levels with high £ to 1.

The mode occupation 7, for a fixed 7, is shown in a logarithmic representation in figure 4(a), along the
triple-dashed vertical line of figure 3(a). The linear behaviour indicates that the modes are distributed according
to Bose—Einstein statistics

1
CexplB — ] — 1

Fitting alinear function to log(1 + 1/n,) yields the inverse temperature 3 and the chemical potential & due to
equation (26). For a non-interacting BEC condensate, i.e., ¢, = 0, the temperature obtained by fitting to a
thermal cloud coincides with the spectral temperature of the dye and the chemical potential is locked to the value
6, above the threshold [38]. However, here 75 is non-zero but small, which induces additional small corrections
of the occupation. As a consequence, the effective thermalisation temperature of the thermal cloud differs
generically from the spectral temperature of the dye. This behaviour depends on all system parameters, and
especially a high pumping rate ~; can significantly change the temperature. For a choice of parameters outside of
a certain region the non-equilibrium properties of the model are dominating the tendency to thermalise and the
distribution is, in general, not thermal any more. This happens even in the case g, = 0[39]. Therefore, we
restrict our further analysis only to the cases where a thermal cloud does exist. We have observed that a few of the
lowest modes do not follow the linear dependency in figure 4(a), thus they are not considered in our fitting

(26)
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Figure 4. (a) Occupation 1, of every fourth mode for 4, = 0.0117;,1.e., vertical triple-dashed line in figure 3(a), shows linear
behaviour in logarithmic representation indicating thermalisation. Fitted y« value shown as crossed square on the right. (b) Chemical
potential 11 as function of total photon number 7, reveals non-zero slope for two different temperatures. We use L = 101, other
parameters are given in table 1.

procedure. Additionally, we drop some of the highest modes as well, as they hold relatively small occupation and
can, therefore, have large relative numerical error. The resulting value of 1 from figure 4(a) is shown by a crossed
square symbol in figure 4(b). We repeat the procedure for different values of the pumping rate 7, and obtain a
linear equation of state 1 = pu(10,), as presented in figure 4(b).

5.2. Photon—photon interaction strength

The slope 01 / O o 0f the equation of state ;1 = p(noy) in figure 4(b) is a consequence of the dye-mediated
effective photon—photon interaction (see the appendix), which is measured by the dimensionless interaction
strength

g=x o @)
hQ) Onor
Thus, we infer from figure 4(b) the resulting interaction strength § = 5.2 x 1077, which agrees quite well with
therange § ~ 1078 — 1077 given in [63]. Note that, as mentioned in the introduction, the thermo-optical effect
dominates the photon—photon interaction. Therefore, this value cannot be directly compared with the measured
values [5, 62, 65], since we only model one of the respective contributions.

Now we investigate how g depends on the parameters of our model. First, we vary those that could be tuned
in experimental setups: the number of cavity levels L in the experimentally relevant range of 140 THz above 6,
the number of dye molecules N, the spectral temperature of the dye T'and the cavity decay rate x. Next, itis
instructive to think of ¢, as being an independent parameter. In this way, by tuning ¢, from zero to its
experimental value y;"P, we are able to examine how the coherent terms of our model give rise to the effective
photon—photon interaction strength. Finally, since the dephasing rate v, is only approximately known in the
experiments, we also investigate its influence on § for various values of other parameters. The corresponding
results are presented in figure 5. The number of equations increases quadratically with the number of levels L.
Wehave chosen L = 101 due to computational constraints. Figure 5(a) shows that the interaction strength &
depends non-monotonously on L. In case of up to 200 levels, the interaction § increases nearly exponentially
with the number of cavity levels. However, after reaching the maximum at L ~ 200 the dimensionless
interaction strength g starts to decrease. The value of § in the case of the experimental number oflevels L = 501
is then comparable with the value for L = 101 levels, which we used in our simulations.

According to figure 5(b), alarger number of dye molecules N increases § dramatically, since more dye
molecules mediating an effective coupling between the photons are present. In addition, much larger photon—
photon interaction can also be achieved by lowering the temperature, see figure 5(c). In contrast, figure 5(d)
reveals that increasing the decay rate k decreases only slightly the interaction strength &. An intuitive
explanation of the last two results is as follows. Increasing either the temperature or the photon decay rate
reduces the total number of photons in the system, thus there are less photons available to modify the dye
medium and g decreases correspondingly.

In figure 5(e) we investigate the dependency of § on the coherent coupling ¢, which we vary artificially from
zero to the experimental value y‘;’“. Quite expectedly, in the limit g; — 0 the dimensionless interaction strength
g practically vanishes, the latter corresponding to the case of the Kirton—Keeling model [38, 39]. The increase of
§ isnonlinear and in the considered range an even polynomial in 75 yields a good fit (red line). We observe that
the quadratic term is almost negligible compared to quartic and higher-order terms, akin to the consideration of
aphoton—photon interaction corresponding to the box Feynman diagram analysed in the work [63]. In our
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Figure 5. Dependence of dimensionless effective photon—photon interaction strength ¢ on: (a) number of cavity levels L, (b) number
of dye molecules N, (c) temperature T, (d) cavity decay rate x and (e) rescaled dressed dye-cavity coupling strength 4, / #57, usinga
fixed v, = 0.1 THz. Influence of dephasing rate for various: (f) temperatures, (g) cavity cutoffs ¢, (h) ratios g, / 5. From (a) we see
that the number of cavity levels (i.c., the value of €2) in our model has a non-monotonous effect on the interaction strength §: the
maximum is located around L ~ 200, where L = 501 (crossed square) corresponds to the experimental regime. Blue filled squares in
all panels show results in the case of experimentally chosen values (see table 1), apart from L = 101 which is used in (b)—(h). As we see,
increase of N or decrease of T'significantly increases ¢, whereas  and v, affect its value only slightly in the vicinity of experimentally
realistic values. Fit (red line) in (e) indicates the dependence of § on 4, in the form of an even polynomial.

framework, such a dependence could easily be understood via a simple perturbative expansion of the
expectation values (X) = 377 (X Y2, where (X)) oc gg, for an arbitrary system operator X in the
equations (15)—(19), with the time derivatives set to zero. In such a way, higher perturbation orders can be

systematically calculated from the lower ones. The zeroth order solutions for (,,)® and (o7 ) are exactly those
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from the work of Kirton and Keeling [38, 39]. It turns out that (n,,,) = (n,,)® + (n,)® + (n,)*® + ...,sothat
we have an expansion § = ¢ @+ &%+ . ineven powers of ..

Next, we analyse the effect of the dephasing on ¢ and the sensitivity of the obtained dependence on other
system parameters. Figures 5(f)—(h) show that, quite generically, § is affected insignificantly when the dephasing
rate v, is varied from zero to few THz. Such a result could be attributed to the presence of a large detuning in
(17), of the order of 100 THz, which anyhow strongly suppresses the coherent evolution on its own. Further
increase of y, may lead to the appearance of a resonance-like peak, followed by a polynomial decay for dephasing
rates above several hundreds of THz. The latter is expected to happen when the dephasing rate becomes larger
than |6)|. The resonance-like peak becomes more pronounced as g, is increased or the temperature decreased, as
is seen in figures 5(f) and (h). This observation indicates that the péak is of coherent origin. On the other hand,
the resonance-like peak can completely disappear when the cavity cutoff frequency is shifted towards the zero-
phonon line, which is demonstrated in figure 5(g).

6. Conclusions

Here we presented a model which can interpolate between two different kinds of states of light in a microcavity,
namely between a nearly non-interacting photon BEC and a laser-like state. Our model is based on a master
equation approach, with an interplay between coherent and dissipative dynamics. The dominance of the former
or the latter leads either to a coherent lasing state or to an equilibrated BEC state, respectively. We demonstrated
thatin the BEC case the lowest cavity energy level is macroscopically occupied and cavity modes of different
energies are almost uncorrelated, whereas in the lasing case some cavity level becomes macroscopically occupied
with strong correlations being present in the system. Afterwards, we showed how to fix the parameters of our
theory in an experimentally realistic regime. We emphasised that the coherent part of the master equation is then
overwhelmed by the dissipative effects, but still significant enough to lead to an additional effective photon—
photon interaction. As a consequence, the chemical potential depends linearly on the total number of photons,
as is expected from a perturbative solution of a Gross—Pitaevskii equation for the condensate wave function. This
dependency allowed us to determine the dimensionless interaction strength § to be of the order of 10~ for
experimentally realistic parameters.

We also investigated the dependency of § on different model parameters, which can feasibly be tuned in the
photon BEC experiments. Our numerics showed that increasing the number of dye molecules or decreasing the
spectral dye temperature can significantly increase the g value, whereas it is not much influenced by the cavity
loss rate x. However, this value cannot be directly connected to the current experimental values [5, 62, 65]. The
reason is that in the experimental setups the dominating photon—photon interaction is of thermo-optical origin,
whereas our theory has no spatial degrees of freedom and, thus, cannot capture such diffusive effects. Instead, in
our case the effective photon—photon interaction could be compared with the dye-mediated photon—photon
scattering. And indeed, our value is in the range of the expected estimate [63].

Another currently disputed feature of the photon condensate concerns its possible polarisation. Whereas no
significant polarisation of the photon BEC was found in the original Bonn experiment [5], recent systematic
measurements of the Stokes parameters in Utrecht [83] indicate that the polarisation of the photon BEC
correlates with the polarisation of the pump pulse. These new experimental results together with the recent
theoretical investigation in the BEC case [41] offer the prospect that the polarisation dependency could be
investigated on the basis of an extension of our microscopic model during the whole crossover from the photon
BEC to the laser-like phase.
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Appendix. Interaction dependence of equation of state

Here we derive relation (27), which allows to determine the dimensionless photon—photon interaction strength
& from the slope 011/ 0 1y, of the equation of state 1 (11,4 ). To this end we follow [5] and assume that the photon
BEC is described by a condensate wave function W(x), which obeys a two-dimensional time-independent Gross—
Pitaevskii equation:

2
[—ﬁ—A + lszxz + g ¥ (x) |2]\I/(x) = pu¥(x). (A.1)
2m 2
Here, g denotes the photon—photon interaction strength, 1 stands for the photon mass, €2 is the trapping
frequency and i represents the chemical potential. As the photon—photon interaction strength g is supposed to
be small, we solve equation (A.1) perturbatively. At first we neglect the interaction g, so equation (A.1) can be
solved exactly. The ground-state wave function U©(x), which is normalised to the total number of photons 71,
reads

2

n X

VO(x) = L exp| ——|, (A.2)
w2 212

with the oscillator length I = //1/m$2 and the chemical potential ¥ = /S coincides with the zero-point

energy of the two-dimensional harmonic oscillator. For a non-vanishing interaction strength g we assume a

perturbative correction in first order for both the condensate wave function and the chemical potential:

U(x) = TO®x) + TO(x) +..., (A.3)
p=p®+ @O+ (A.4)
With this ansatz the Gross—Pitaevskii equation (A.1) reduces to
2
|:—2ﬁ—A + %m(ﬁxz — u(o)]‘ll(l)(x) = MV O(x) — gTO(x)3, (A.5)
m

which determines both interaction corrections U'(x) and ,u(l). In our context it is sufficient to calculate the
latter one, which follows from the Fredholm alternative [84]. To this end we multiply equation (A.5) with T V(x)
and integrate over X, so we get due to (A.2) with the dimensionless interaction parameter [61]

gm

§= = (A.6)
the equation of state
ghe)
w=h0+ 8 (A.7)
2T

Thus, for small interactions § the chemical potential i changes linearly with the photon number #,,,. The slope
O/ Onor of the equation of state (1, ) depends then via Oy /Onyoy = §hS82/ (27) linearly on the dimensionless
interaction strength &, which leads to relation (27).
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We study the question of what kind of a macroscopic superposition can(not) naturally exist as a ground
state of some gapped local many-body Hamiltonian. We derive an upper bound on the energy gap of an
arbitrary physical Hamiltonian provided that its ground state is a superposition of two well-distinguishable
macroscopic “semiclassical” states. For a large class of macroscopic superposition states we show that the
gap vanishes in the macroscopic limit. This in turn shows that preparation of such states by simple cooling
to the ground state is not experimentally feasible and requires a different strategy. Our approach is very
general and can be used to rule out a variety of quantum states, some of which do not even exhibit
macroscopic quantum properties. Moreover, our methods and results can be used for addressing quantum

marginal related problems.

DOI: 10.1103/PhysRevLett.119.090401

Introduction.—Ever since Schrodinger’s cat gedanken
experiment [1] the question of whether a macroscopic
system can be found in a quantum superposition state
remains unanswered. Various attempts were made to address
our inability to detect macroscopic quantum superpositions.
Decoherence-type arguments are commonly employed in
which one advocates that the quantumness of a macroscopic
system is lost due to interactions with a noisy environment
[2]. Alternatively, it was indicated that classical behavior can
emerge because our measurements suffer from limited
resolution or limited sensitivity [3—5]. Moreover, various
spontaneous collapse models introduce a stochastic non-
linear modification of the Schrodinger equation that causes
macroscopic superpositions to quickly appear as classical,
while giving the same experimental predictions as quantum
theory in the microscopic regime [6].

Naturally, the boundary between the quantum and
classical realms should be explored by experiments
[7-9]. In recent decades, typical quantum features have
been demonstrated in large molecules [10,11], hundreds of
photons [12,13], superconducting circuits [14,15], micro-
mechanical oscillators [16,17], and fragmented Bose con-
densates [18,19]. Nonetheless, quantum superpositions of
truly macroscopic objects remain an uncharted territory that
will hopefully be revealed by future experiments.

Recently, different measures have been proposed to
quantify macroscopicity of quantum states [20-30]. The
literature about this topic is diverse and various measures are
mutually compared in Refs. [20,21] and summarized in
Ref. [22]. Generally speaking, a macroscopic quantum state
(MQS) is a state capable of displaying macroscopic quantum
effects that can be utilized to validate quantum mechanics
(against classical theories) on a macroscopic scale. An

0031-9007/17/119(9)/090401(6)
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important task is the identification of a characteristic
parameter that measures the “size” or “macroscopicity” of
a certain quantum state [7], such as the characteristic energy,
mass, number of elementary constituents, etc. Here we focus
on the case of macroscopically large number of particles N
that interact via a local Hamiltonian.

An important subclass of MQS are macroscopic super-
positions (MS): states of the type |y) = |y) + |w»), where
lw1,) are macroscopically well-distinguishable states.
However, such a definition is not operational as there
are infinitely many decompositions of the kind |y ) + |y»)
and it might not be clear how to unambiguously identify the
“semiclassical” components of the MS. Therefore, we
define MS with respect to a measurement of an additive
(collective) observable [20,21,23,28,29]. A pure state |y) is
MS if a measurement of some additive observable S can
sharply distinguish the semiclassical states that constitute
MS; e.g., the distribution of eigenvalues of § exhibits two
well-resolvable regions (see Fig. 1). Our main focus here is
on (i) the possibility of the natural appearance of such states
as unique ground states of macroscopic quantum systems
and, consequently, (ii) the feasibility of preparing MS by
simply cooling down such systems. The latter might be
achievable provided that the system has a unique MS
ground state; i.e., there is a finite energy gap in the
thermodynamic limit. In this respect, it was proven that
no MS of “locally distinguishable” states can be the unique
ground state of N spins described by a local Hamiltonian
whose energy gap is at least O(1/poly(N)) [31].
Conversely, numerical evidence was given in Ref. [32]
that the energy gap of a certain N-qubit Hamiltonian decays
exponentially fast in the macroscopic limit when its ground
state actually is MS. Moreover, relation between the

© 2017 American Physical Society
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FIG. 1. The distribution p,, of eigenvalues s,, of an additive
observable S for a MS state |y;) + [y,). A continuous curve is
used for aesthetic purposes. The distribution has two well-
resolved regions (left and right from the separation point s;)
each corresponding to the superimposed semiclassical states |y )
and |w,), respectively. The distance between the regions is
A= \(§>W2 - (S’)Wl |. The separation probability related to the
finite-sized shaded segment |s —s;| <& = O(N®) should be
vanishing in the macroscopic limit N — oo.

spectral gap and ground state properties of spin lattice
systems was studied in Refs. [33,34].

We provide a simple sufficient criterion enforcing the
energy gap to vanish in the thermodynamic limit for a very
general class of ground states of local many-body
Hamiltonians. The most important feature of our approach
is an operational method to identify semiclassical states that
constitute the macroscopic superposition. We show that in
many cases local Hamiltonians are not capable of linking
such states, so that the corresponding MS can only
represent a degenerate ground state in the macroscopic
limit. Our main theorem provides an interesting relation
between the energy gap and the order of interaction (i.e.,
the number K in the case of a K-body interaction).
Therefore, one may derive the lowest order of interaction
for which a given MS might be a unique ground state. We
discuss our results in the context of different physical
systems and various proposals for preparation of MS.
Furthermore, we show that a certain class of states that
are not even considered to be macroscopically quantum
(e.g., W states) cannot naturally exist as ground states of
gapped local Hamiltonians. Finally, we demonstrate that
the methods and results derived here are relevant for
quantum marginal related problems.

Preliminaries.—Let us consider a system of N interact-
ing particles described by a K-local Hamiltonian

H= Z(Mz ..... Z.K>€Ix<>H,~],-2_“iK, where H; ; is the con-

i1ih...ig
tribution due to interaction between particles iy, i, ..., ig

and 7 I(VK) is the set of all K-tuples of N interacting particles.
We call K the order of interaction. For instance, usual
physical interactions are pairwise with the order K = 2.

We begin with the following general lemma:

Lemma.—1Let a Hamiltonian A have a unique ground
state of the form |y) = a,|w,) + a»|w,), where |y ,) are
normalized, (w»|y;) = 4 and a;, a, > 0. Then the energy
gap AFE satisfies the inequality

(lI/2|I:I|l//1> —/1E0|

|
AE < :
ayax (1 -4

(1)

where E;, denotes the ground state energy (see
Supplemental Material [35] for the proof).

Without loss of generality we set E, = 0 hereafter. We
start our analysis with the simple observation that the
energy gap is essentially upper bounded by a magnitude of
the matrix element (y,|H|y,) = H,, [assuming that the
overlap 1 is vanishingly small and a;, = O(N°) when
N — oo]. Therefore, the system cannot have a finite gap in
the macroscopic limit if H,; is vanishing when N — co.

An archetypal example of MS is a so-called GHZ state
[44], closely related to an original Schrodinger’s proposal
as it is a superposition of two macroscopically distinct
states of N particles, i.e., |w) o |@;)®N + |p,)®V. The
states |@, ,) are normalized with the fixed nonzero overlap
@ = |(¢1|@2)] < 1. Here, one can naturally identify the
two constituents |y ,) = |@;,)®Y with exponentially

small overlap |[1] = @V and a1‘2N:>°°1 /\/2. Denote by
H[zlf] the maximal magnitude of all matrix elements

<(p2|®KI:]il,i2,i..,i,(|(pl>®K' The value of H[Zlf] does not scale
with N and solely depends on the nature of the interaction.

It is not difficult to see that
N
K Kk K kK
|H21|S|I,(V)|wN KH[zl]S <K>wN KH[21]7 2)

since for K fixed the total number of interaction terms

grows at most polynomially with N, ie., |I§VK)| <
(%) = O(NX). Therefore, we conclude that the energy
gap vanishes exponentially fast when N — oo, as long as
the order of interaction is fixed. In other words, all the states
ly(a)) « |p))®" + €| p,)®N give the same energy in the
thermodynamic limit and the ground state becomes at least
doubly degenerate. Consequently, cooling down the system
towards zero temperature will result in a classical mixture
1w (0)(w(0)| + 2 ly(n)) (w(x)|. In order to make the
energy gap finite in the thermodynamic limit, it is necessary
that the order of interaction K grows with the number of
particles N, which is usually considered nonphysical.
This reasoning can be trivially extended to a finite
sum |[p)®N + -+ |p,)®" of macroscopically distin-
guishable states, i.e., (;|p;) = O(N°) when i# j. In
the Supplemental Material [35] we show that the same
result holds for a more general class of states, i.e., the
superpositions of locally distinguishable states that have
been considered in literature as a natural generalization of
the GHZ-like states [20,24].

Whereas the previous examples are fairly easy to grasp,
as the superimposed states are identifiable by definition,
such a clean prescription is not a priori available for
arbitrary MQS. Therefore, we continue our analysis by
invoking a measurement of some collective observable S
that should serve as a reference point to identify [y ,).

090401-2
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Consider a system of N particles in a total Hilbert space
HY =@ | ‘H;, with dim(H,) = d. Let § = >_¥ | §; be an
additive observable. The single-particle operators satisfy
Silorui)i = oilog i) where 0, € {q1 < ¢ < ... < ¢/}
and 2 <7/ <d, while y;=1,...,u(c;) enumerate the
degeneracies obeying >, u(g)) =d. We denote the
different eigenvalues of S by s <8 <... <S8y,
where s, = >0 M6 Ny €Ny and Y7 1, = N.
Clearly, s; = N¢; and sy = Ng,. The states |o,u) =
®Y, |6 4;); constitute a complete basis in HY, ie.,
Y62 ulo.p)(o.ul =1, where 6 = (0y,0,,...,0y) and
# = (41, H, ..., uy)- This yields a decomposition

) => > le.wo.plw) =D VPulsu). (3)
c m=1

where S|s,,) = s,,|5,,), and |s,,) contains all the terms from
the multisums such that Zf\’: 10;=S,,. The numbers p,, > 0
correspond to the probabilities of obtaining the value s,,
when measuring the observable § in the state |y),
hence, Y™ p,, = 1.

Now, if the state |y) is MS of two states |y ) and |y,),
then we expect that the probability distribution P, =
{pm}¥_, has two distinguishable regions with correspond-
ing probabilities of the order O(N°) and with vanishingly
small probability within the finite-sized bordering segment
around some eigenvalue s, of § (see Fig. 1). Those regions
should precisely be related to the semiclassical constituents
of the state |w). The distance between the regions A :=
|<SA'>,/,2 - <§>W1| is closely related to the fluctuation of the

observable § in the state [y) and it is commonly assumed
that MS displays A = O(N) [20,29,30]. However, we will
address quantum states from another aspect, which will
render our main result independent of A. Namely, the prime
quantity in our analysis is the separation probability
P, (|s = 55| <6), i.e., the probability of finding the result
s, when measuring S, within a tiny segment of size 26 =
O(N?) centered at the separation point s;. We will provide
an upper bound on the energy gap, which essentially
depends on the separation probability and the order of
interaction. Thus, the interplay between the two will have a
crucial role in vanishing of the gap.

Next, we will make use of s;; to express the ground state
in the form of a superposition

lw) = aily1) + ax|ys). (4)
with
-1 M
aly)=> VPulsw) @)= \/Pulsu) ()
m=1 m=m

where a; = (p;+-+pa_)/? ay=(pa+-+pu)/?

and, presumably, a;, = O(N°). By construction, one has
(wo|w1) = 0. We will employ the introduced separation to
derive an upper estimate of the energy gap.

Let us suppose that the Hamiltonian of the physical
system is 2-local, i.e., I:I:Z(i,j)ezjvz)ﬁij’ where I:Iij
represents pairwise interaction between particles i and j
and IS\? is the set of pairs of interacting particles.
Obviously, the number of interaction terms in the
Hamiltonian satisfies [Z'| < N(N —1)/2 = O(N?). The
magnitude of the matrix element in the inequality (1) can be
estimated in order to obtain the following central result:

Theorem.—Under the assumptions given in the text, the
energy gap of the system is bounded as

@
IZv|

AE < max (Al - Py (s = sal <28.). (6)

- 2.2
2aia; (i jez?

where max; 7 A, ;|| sets the characteristic energy scale
(independent of N) and 6. = ¢, —¢;. Here, || - || denotes
the operator spectral norm. The complete proof is given in
the Supplemental Material [35].

The bound (6) is valid for any s;, which has been
arbitrary up to now. Clearly, one should select § and the
corresponding s, so that P, (|s —s;| < 25,.) vanishes as
fast as possible for N — co. In the previously discussed
GHZ-like case, the separation probability scales as
exp[—O(N)| and the energy gap vanishes exponentially
fast with N. Furthermore, it is clear that for any state
exhibiting P, = o(1/N?) the gap will vanish in the
thermodynamic limit and the state can only represent a
degenerate ground state. In general, such a state does not
necessarily display anomalous fluctuation of S. One can
even find examples where A = O(N°) [such as |y)=
(]sm]>—|—|s,,,2))/\/§, where s,, =s5;—26 and s,,, =s;+20,
with 6> 6.]. Conversely, when the system features
a finite energy gap, the relation (6) puts a lower bound
P,(|s — sz <25.) > O(1/N?) for any gapped 2-local
Hamiltonian and arbitrary observable S.

The appearance of probabilities corresponding to the
interval of size 46, centered at s, is a direct consequence of
the 2-local nature of the Hamiltonian. We note that the
Theorem could easily be generalized for arbitrary K-local

Hamiltonians. In that case, one would consider the set 7 ,(VIQ

of K-tuples of interacting particles, for which |Z %() |<(®)=
O(NX), and the corresponding estimate of the gap
would involve the probability P, (|s —s;| <2K6,).
Thus, for a gapped K-local Hamiltonian we conclude
that the best possible separation probability one can
achieve for a ground state is asymptotically lower
bounded by O(1/NX). Consequently, all the states exhib-
iting the scaling P, = o(1/NX) are excluded as possible
unique ground states.

Various examples.—Our general result nicely complies
with the investigation of ground states of various physical
systems. For example, a twofold fragmented condensate of
interacting bosons trapped in a single well [18] features a
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doubly degenerate ground state, in the thermodynamic
limit. It was shown in Ref. [19] that in the appropriate Fock
space basis the corresponding ground states are identical to
the photon cat states. In accordance with our findings, the
proposed preparation of these states requires other means
than simple cooling, i.e., the rapid sweep of interaction
couplings [45]. Another example is a one-dimensional
array of circuit quantum electrodynamic (cQED) systems
in the ultrastrong cavity-qubit coupling regime [46]. The
authors showed that the photon hopping between cavities
can be mapped to the Ising interaction between the lowest
two levels of individual cQED of the chain. Based on the
mapping, they found two nearly degenerate GHZ-type
ground states with energy splitting exponentially small
in the system size. Again, this is in perfect agreement with
our results. Moreover, we mention the study of a bosonic
Josephson junction made of N ultracold and dilute atoms
confined by a quasi-one-dimensional double-well potential
within the two-site Bose-Hubbard model framework [47].
Detailed treatment showed that the ground state of the
system evolves towards NOON state when increasing
attractive interatomic interaction. The estimated gap between
two lowest energy states vanishes exponentially with N, in
full compliance with our considerations. Our work also
nicely agrees with Ref. [48] where the possibility of creating
many-particle catlike states was examined for a Bose-
Einstein condensate trapped in a double-well potential. It
was discussed in detail that creating cat states via adiabatic
manipulation of the many-body ground state is experimen-
tally unfeasible due to the fact that the end state is nearly
degenerate with the first-excited state; hence, such a process
would require an exponentially long time. This difficulty
was surpassed by proposing to exploit dynamic evolution
following a sudden flipping of the sign of the atomic
interaction, accomplished via Feshbach resonance technique
[49]. Finally, we mention that our treatment assumes a close
correspondence between the macroscopicity of the system
and the number of its constituents. However, the macro-
scopicity might be related to other quantities and only
weakly depend on the system size. SQUID systems, which
were proposed as good candidates to host the “genuine”
MS [7], are a paramount example of that. Although our
results are not directly applicable to such a case, in the
Supplemental Material [35] we provide a discussion of
SQUIDs showing some similarities with our findings.

Our generic analysis demonstrates that more sophisticated
experimental techniques are needed for the preparation of a
variety of macroscopic superpositions in the thermodynamic
limit. This may require some form of dynamical driving of a
system, as in the mentioned examples, advanced matter-
wave interferometric approaches [50] or use of demanding
postselection techniques [51].

Furthermore, we present an example to demonstrate that
our results can be used to address the states that are more
general than MQS (see Supplemental Material [35]).
Consider a lattice model of N spin-1/2 particles interacting

with the fixed number of neighbors. Thus, one has d = 2,
£=2,6.=1, and |I§3)| = O(N). In order to prove that
the model becomes gapless in the limit N — oo, one has to
find an appropriate additive observable S for which the
ground-state-related separation probability vanishes as
o(1/N). Collective states that naturally appear in spin
systems are the Dicke states [52] |j,m) (m = —j, ..., j),
where j = N/2. They are permutation invariant and satisfy
Jj.om) = j(j+1)|j,m) and J |j,m)=m|j,m). All
Dicke states are unique ground states of some fully 2-
local, gapped Hamiltonian for which |I§3)| =NN-1)/2
(all the particles mutually interact pair wisely, such
as indistinguishable particles) [31]. However, such
Hamiltonians do not correspond to the present case.
Therefore, we will show that, for example, an N-qubit
W state |j,j— 1), which represents the case of symmet-
rically distributed one-spin excitations, cannot be a unique
ground state of any considered spin-lattice model. First,
we find the appropriate collective observable to be J,. Let
|j,m), (m=—j,...,j) be the common eigenbasis of
J? and J,. The related probability distribution is p,, =
|(j,j—1]j,m),|* (see Fig. 1 in the Supplemental Material
[35]), s,, = m, and we choose s; = 0 for j integer or s5,; =
1/2 for j half-integer. As presented in the Supplemental
Material [35], we find

2m? 2j 2m?
Pm =737\ . ~ =3 (7)
29 \j+m/) xj

where the last asymptotic behavior holds for fixed m and
j — o0. We conclude that the separation probability
P, (s — sz £2) scales as O(1/%?), ie., O(1/N*/?).
Thus, the W state can only be a degenerate ground state
of the arbitrary spin-lattice model considered here.
Moreover, the distance between the two peaks has sublinear
asymptotic scaling ~v/2N. Hence, the W state is an
example of a state that is not even a MQS according to
the anomalous fluctuation criterion, but is nevertheless
amenable to our present analysis.

Finally, our results can be naturally related to quantum
marginal problem [53,54]. There, the main task is to check
whether or not a given set of marginal states g =
(Ps,+ Py, ---) can be extended to some N-particle quantum
state 01V, ie., p;, = Try 6!, where s; denotes a subset of
N particles. The set of all representable marginals g is
convex and completely characterized by its extremal points
(for finite-dimensional systems); therefore, their identifi-
cation is of great importance. On the other hand, the set of
extremal points is in unique correspondence to the set
of N-particle nondegenerate ground states of the local
Hamiltonians [54]. Namely, for a given Hamiltonian
H= Zkﬂsk, where I-Alsk denotes local Hamiltonian acting
on the subset of particles s;, we have E = Tr(¢MH) =
SuTr (b Hy ) =Tr(pH), where H= (H, H,....).
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Thus, the energy E is a linear functional on the set of all
representable marginals p and it reaches its extreme values
on the set of nondegenerate ground states. Our criterion (6)
implies that a large class of degenerate ground states (in the
thermodynamic limit) has the set of marginals that cannot
be extremal.

Summary and outlook.—In this Letter we provided a
powerful generic method to analyze the possibility for
ground states of gapped many-body quantum systems to be
superpositions of macroscopically distinct quantum states.
We have ruled out a large class of quantum states that
cannot be prepared by simply cooling macroscopic quan-
tum systems that exhibit interactions involving some finite
number of their constituents. For such a state, we require
that the separation probability, related to the small segment
around the separation point between its two semiclassical
components, vanishes sufficiently fast in the thermody-
namic limit. We expect our results to be valuable for future
experiments aiming at preparing quantum states that exhibit
macroscopic quantum properties. Furthermore, we have
shown that our study is relevant for quantum marginal
problem.

We thank Caslav Brukner, Nikola Paunkovié, and J acques
Pienaar for helpful comments and gratefully acknowledge
financial support from the European Commission through
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In this Supplemental Material we provide the proofs
of the statements from the main text. Furthermore,
we study an example of certain superpositions of Dicke
states as possible ground states of local Hamiltonians of
spin-lattice models. At the end, we provide the discus-
sion about quantum superpositions in superconducting
quantum interference devices (SQUIDs).

Proof of the Lemma

To ease the notation, we introduce the operator h =
H — Ey. The ground state energy of h is zero, whereas
the energy of the first excited state is equal to the energy
gap AE of H. The ground state 1) = a1 |t)1) + az|ts)
satisfies the condition h|t)) = 0. Therefore, we get the
following set of equations

arhii + aghiz =0, (1a)
aiha1 + azhgy = 0, (1b)

with h;; = <1/zz|fz|1/)]> The linear system above has
non-trivial solutions if its determinant is zero. Hence,
h11h22 = h12h21 = |h21‘2. ()bViOLlSly7 hll,hgg > 0 as the
ground state energy of h is zero. Consider now the ex-
pansion [¢1) = ¢1[¥) + /1 — |c1]?[+), where [1) is the
linear combination of [1;) and |¢9) such that (¥|yp+) = 0.
We get the following inequality

(Wilhlr) = (1= let P) @t [Algt) = (1 = |ea))AE. (2)

The last inequality follows from the fact that the lowest
energy of h in the subspace orthogonal to |¢) is AE. It
is easy to obtain 1 — |¢1|? = |az|*(1 — |A|?), so that

(W1 |Rf1) _ hiy
AESTGE "l

From the equations (1) we find h11/|az|? = |hi2|/|a1as| =
|ha1|/|araz] = haa/|a1|?. Consequently, we get

AFE < [ha1]

< farazl (L~ P) @)

Recalling the assumptions a1, as > 0 from the main text,
the previous result proves the Lemma.

Macroscopic superpositions of “locally
distinguishable” states

Let us assume that the unique ground state [¢)) is a
macroscopic superposition of two states |¢) and |1)9).
We will rely on the measurement-based measure of the
size of macroscopic quantum superpositions in terms of
“local distinguishability”, introduced in Ref. [1] and elab-
orated in Ref. [2]. In this context, it was shown in Ref.
[3] that if the energy gap scales as O(1/poly(N)), then
no MS of locally distinguishable states can be the unique
ground state of N spins described by a local Hamiltonian.
Our goal here is to prove the opposite — if such a state is
a ground state of local Hamiltonian, then the energy gap
vanishes exponentially fast in the macroscopic limit. Fol-
lowing [1, 2], we divide N particles into a maximal num-
ber N of distinct groups of particles such that |tb1) can
be distinguished from |¢)9) with probability P > 1/2 by
performing a measurement on any single group. The su-
perposition state [¢)) is called macroscopic if N = O(N).
To avoid cumbersome notation, we assume that the size
of every group is N/ N and introduce the abbreviation
[N] ={1,2,...,N}. In the sequel, we will derive an ex-
ponential bound for the magnitude of the matrix element
of a 2-local Hamiltonian

(ol Hln) = > (il Hyjlhn)

.. (2)
(%J)EIN

= > T (B T oy (0a) (wal) ).

(i.d)€Ty)
()
Our approach is based on the one given in the Ap-
pendix C of Ref. [3]. Denote by A®*) the measure-
ment operator on group k that optimally distinguishes
the states [11) and |¢2). One can always choose it so
that its spectrum is {—1,+1}. In such a case, the suc-
cess probability to distinguish the two states is given by
P=1/2+1/4[(A®)Y, — (AF)), | Since P > 1/2, we
can assume that —1 < (A®)), < (A®), <1 for all
k. For the kth group, the projection operator on out-
come « is denoted by ﬁff). The measurement probabil-

ities are then Hﬁf1)|wl>||2 = (1+ (AW),.)/2 = p; 4 for
i =1,2. One additional comment is in order. Namely, in
the generic case N can depend on the success probability

P. As discussed in Ref. [2], the additional assumption,



that the measurements on any group do not influence the
measurement outcomes on other groups, resolves this is-
sue. It basically means that only correlations within the
groups exist and not among different groups. Thus, we
formally require that (A® ARy, = (A®)), (AK)Y,
for i = 1,2 and for all groups k # k’. This in turn implies

J

2

the factorization Hf[gc)ﬁgf/)wi)HQ =D; o Pi o fori=1,2.
Similar factorization is found for the joint probabilities
of the results of measurements on more than two distinct
groups. i

Denote by T' = {T*)}X | the set of the considered
distinct groups of particles. Let us examine the partial
trace of 1) (s over n groups {1, ... T*n)} =)

n
Trggo () (wal) = Trpgo (& (4] +00D) Jo) (o] & (1 +117)))

=T Y > Hi’?%-ﬂi’“:) ) (ol 15 T
[e5] ...,an::i:l 04/1,‘ ’::tl

=T (>0 A0S ) (10T
ag,...,an==1

= Trr;k) < ﬂgc) |91)( |ﬁ¢(f)) (6)
ac{-1,1}n

where f[ff) = H(kl) ﬂgtk"). We used the orthogo-
nality ﬁ(ak)Hg‘,) = 0, H(ak) and the completeness rela-
tion f[fl) + fI(_kl) = I®). In evaluating (5) we will en-
counter two types of terms, the ones where both par-
ticles i and j belong to two different groups, say I'(*)
and T®3) and the ones where they belong to the same
group, say I'®4) . In both cases we have to perform par-
tial traces over at least N — 2 groups of particles. To
make the derivation more compact, we will treat the two
cases on the same footing. Namely, we shall introduce
T;; = {0 T} in the former case. In the latter case,

J

(o H|ty)| =

L. 2
(i.))€T

- 2
(i.§)€T

= 2 X

(i) ae{-1,1}N-2

> X

(i,)eT) ae{-1,1}N-2

IN

T g (B T g (110

we define I'y; = {I‘(’“iﬂ'),l"(k:f)}, where to each group k
we assign its “partner” group k* # k. For instance, one
may set 1* =2,2*=3,..., (N—-1)* =N and N* = 1.
We then have

Trinp iy ([0 (W2]) = Tre, gy Trove,, ([91) (2]),

(7)

where the last partial trace is always over N -2 groups.
Let k; ; label those groups. Combining the previous, we
get

>o Ty (Hy Ty gy e, ([0 () )|

= Z Tri,j(I:IijTrrij\{z’,j}Trr\rij( Z ﬂfi’j) \¢1><¢2|ﬂgﬁ’j)))‘

ac{-1,1}N-2

£ ) (ol 1) )|

T (i e oy (00 o) (| 1) )|

< > ST T gy (T o) (| T ) |
(i.) €Ty ae{~1,1}V 2

< max [[Hyll Y ST T gy (T ) (o TS |
(1,])61 (1,3)61(2) ae{—1,1}¥-2

< max MG 30 3 e T,

L. 2
(i.§)ETY

= max
(i,)ezy

(i,5)€T? ae{-1,1}N -2

25T DS

(i,§)eTP ae{-1,1}N-2

[T ) | - [T ) .



In the second inequality we used Holder’s inequality for
the operator spectral and 1-norm |Tr (XY)’ < |X -
H}A/Hl In the third inequality we utilized the property
[Tri (Xi2) |1 < | X1zl for Xio € L(H1 ® Ha) [4], and
finally in the last one we used |[||u) <v\”1 = [l - l|o)l-
Now, from the factorization of joint probabilities we get

~ (ki j (k1) 1y (K A(k
T )| = [EE T A2 |
m N—2-m
= (Pl Plias - - - Plaag ) 2 =) E(pi=)” 2,

where m is the number of positive eigenvalues among

aq, o, ..., 05 _o. Hence, we find
|
m N—2—m
(| H 1)) < max, HHmH Z Z (P14 p2,4) 2 (P1,—p2,—) 2
&) (1,) €T ae{~1,1} 72
2 m N—2-m
< |I§V>| max, ||HU|| S e ) Epropao)
ac{—1,1}N-2
N N—2
2 m —2—m
|18 H(n;ax iz, Z( )p1,+p2,+>2<p1,p2,> :
1,j)€L m=0
e -
= 17| max | Hlq"" (10)
(i,/)eT’

where ¢ = /P11 P2+ +/P1,— P2,—- Since by assumption
</1(k)>¢2 < </Al(k)>¢1, we have p1+ # pa+. Using the
inequality \/zy < (z+y)/2 for distinct positive numbers,
we obtain

D14+ +D24+ | P1,— +D2—
2 * 2

q < =1.

(11)

In addition, due to N = O(N) for a macroscopic su-
perposition state, we find the estimate |(1ho|H]|th1)| <
exp[—O(N)]. Thus, we have derived an exponential
bound with respect to N. In the general case of K-local
Hamiltonian one could analogously derive the bound

) p ) )
(o Hgpn)| < |G [V el

(il,...

max

,iK)EIxK)

(ol Hlp1) =

> (wlH,

LN (2)
(%J)EIN

) =

Evaluation of (sm/\ﬁij|sm> boils down to considering
<0Jay/l|Hij|U7p’> = TI‘LJ(szTr[N]\{z7]}(|o-al‘l/><o'/7l"’/|))a

J

Tr[N]\{i,j} (|0', M><0',a H/|) = |Uz'»Hi>i|‘7j»Hj>j<‘7§7ﬂ/i|i<0;7#;‘|j

(

(

Based on this result, the Lemma implies that the energy
gap as well vanishes exponentially fast in the macroscopic
limit N — oo.

Proof of the Theorem

Our task is to estimate the magnitude of the matrix
clement (1hy|H|[1p1) of a 2-local Hamiltonian, under the
assumptions from the main text. Recall that an additive
observable § = Zi\;l S; introduces the decomposition

Zi\g:l /Dm|Sm), where S’|sm> =

of a given state |¢) =

SmlSm)s +/Pm|Sm) D lol=sy 2op |0 )0, pl) and
lo| = Zivzl 0;. Furthermore, we used the separating

eigenvalue sy to express the ground state in the form
of superpos1t10n [¥) = ailr) + @W;g) with aq]yr)

Zm 1 \/pm‘5m,> and a2|¢2> Zm m \/pm|sm> Thena
we find the following
m—1 M
v 2 2 2 VrwlswlHylsw)vpn (13)
)EI<2) m=1m/=m
[
where |6'| = s,y and |o| = $;,,. One finds that
H 5027‘71«5/%7“;@' (14)

ke[NN\{7.5}



A necessary condition for the last product to be nonzero
18 ke fijy (0 —0y) = 0, Le., sy —sm = oj+0;—(0;+

o) Slnce —26; < oj+0;—(0,+0;) < 24, all the nonvan-
ishing terms from (13) must obey —20. < 8,7 — 8y, < 20,
while by construction we have s,,,; > s7 and s, < Sp.
Hence, the only nonzero terms are those related to the

J

triangular region Ty, in the (m,m’)-plane that is deter-
mined by the previous inequalities. Let m~ be the largest
m such that s, < sz + 20.. Similarly, let m. be the
smallest m such that s, > sz — 26.. We obtain the
following

. 1 )
(V2| H 1) = ara Z Z VP <Sm/|HZ]|Sm>m‘
! (1,5)€T? (mm)€Tm
1 m—1 m>
- aias Z Z Z \/m<$m’|Hij|5m>\/ﬁ’ (15a)
(4,5)€TD M=m< m'=m
1 m—1 ms
= aa Yoo > Ty (Hz'ij[Nmi,j}(MIsmMsm/I\/m))‘
172 (i,j)EI(Q) m=m«< m’=m
1 m>
=—1 > Trm(H T a3 ( Z VP lsm) Y /D (S \))‘
1 (z])GI(2> m=m —17
m—1 ms
1 .
S ‘Tfm(HijTr[N]\{iJ}( S Vmlsm) D ,/7pm,<3m,‘))‘
(1.) €T m=m.< m'=m
m—1
1
< a1ds Z H HTr \{z]} Z VDm|Sm) Z Dm (S |)H (15b)
(m‘)ezm m=m.< m'
1 .
S iy ) IIHin-H Z VPm|$m) Z VP (8| (15¢)
(i.)ET m=mc<
73| H
< e / ’
Toaiaz (i,;‘l)l?;@) Z VPmlsm) mz_:mvpm S|
1z ; -
T aiag ;o) ”Hz‘j”'H Z VPmsm) H H Z VPm( (15d)
142 (i j)eZy - =
m—1 ms
B |I(2)| ( )1/2 ( )1/2
= w1 (Zj)ez(z) ” || m;n< Pm m/z:; Pm
|I<2 | m—1 m>
: B, ( m T+ m’) 15¢
2a1az (; 3)61(2) 11 m;n<p m;mp (15¢)
¥
< vl V|- Palls — sml < 260), 150

2a1az (;, ])61(2)

In the line (15a) we found convenient to extend the sum-
mation over 7Tz to the summation over the encompass-
ing rectangular region. Note that all the added terms
are actually zero-terms. Thereafter, m and m’ index
the eigenvalues of S within the interval [s; — 20, sm)
and [spm, Sm + 20¢), respectively. The line (15b) is a
consequence of Holder’s inequality for operator spectral

(

and 1-norm |Tr (XY)| < HXH YL, ‘whereas the line
(156) follows from ||TI1(X12)||1 < ||X12||1 for X1 €
L(H1 @ Hy) [4] and we used |[|u)(v[ ||y = [[[w)]| - [[[o)]] in
the line (15d). Finally, in the line (15¢) we invoked the
inequality \/zy < (z+y)/2 for nonnegative reals. Recall-
ing the Lemma from the main text, the fact (2]1)1) =0
and the choice Ey = 0, we find
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AFE < |2 12V2| max
aiay z,])e

The proof of the Theorem is now completed.

Example of W state [j,j — 1)

Here, we give the derivation of the probability distri-
bution pm = [(j, 7 — 11j,m)s |2 for j — oo and small m,
where |j,m), = e~*5s|j, m). Particular example of such
distribution is given in Fig. 1. First, we will evaluate the
overlap

Gy 4| (T + i, )e 5 T |j,m)

To( I+ idy)lj,m), (17)

5 (4, jle

where we used properties and definition of the angular
momentum ladder operator J +, as well as the relation
yJ e=i5 7y = J.. Next, we employ

0= (G4l e '3
= (j. j1(Jo —iy)e  E

= (G dle™F v (. —iJ,), (18)
so that
(o dle™F g, = (j, jle~E i, (19)
13
=y
e)
N
i
£
[e]
z
10 s o0 o5 10 2m/N

FIG. 1. Normalized probability distributions p,, for W state
for N = 40 (blue line) and N = 200 (green line). Normal-
ization is such that the maximal value is unity. Continuous
curves are used for aesthetic purposes.

A

Py(|s — sm| < 24;). (16)

il

(

and we conclude

(5od —Ujym). = <J ile="E T2, 1j,m)

—m\[mle E|j,m) =

In order to calculate the matrix element, denoted by c¢,,,
we proceed as follows. First, from (19) and the relation

e

(20)

2iJ, = Jt —J, we get
2me,, = \/<j— )<j+m+1>cm+1
f\/ VY(Gj—m+1) e (21)

SeAcond,Ausing i3y jze_i%jy = —jw together with jz =
(J* +J7)/2, we find

(o gl Jee ™13 = —(j, jleT B ],
—§<j,j|e*i%fy<ﬁ ) @)
which allows us to obtain
2jcm = —v/(j—m)(j+m+1) cmi
—VG+m)G—m+1) cm_1. (23)

From the two relations (21) and (23), we derive the re-

— 1/% Cm+1, which leads

currence relation ¢, =

to ¢y = (—=1)—™ (ji]m) ¢j. Using the normalization
condition Y77 len|* = 1, we get [c) & and
lem| = & (]ijm) Finally, from (20) we obtain
2m? 23
Pm 22Jj(j+m>’ (24)

as stated in the main text. The asymptotic behavior for
fixed m and j — oo can be easily obtained using Stirling’s
asymptotic series.

Example of superpositions of Dicke states

Additionally, we will demonstrate that certain super-
positions of Dicke states cannot be unique ground states
of 2-local Hamiltonians. We consider N = 2j spin-1/2
particles, with j integer (for the notational simplicity).
Thus, d =2, £ =2, and . = 1. Assume that the unique
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FIG. 2. The probability distribution p,, for the superposition
(|3, —=1) +14,5))/Vv2 of two Dicke states for j = 100. The blue
(green) line labels p,, for m even (odd). Continuous curves
are used for aesthetic purposes.

ground state of some 2-local Hamiltonian of the spins has
the following form

n

[Yn) =D () erlj, —n + 2k),

k=0

n=0(N% eN, (25)

where the coefficients ¢, € C satisfy > ,_, |cx|> = 1 and
> h_o¢k = 0. Some particular instances of such states
are (‘Ja _1> + |ja 1>)/\/§7 (|J’ _2> + |ja 4))/\/57 (|j’ _3> -
2|7, 1) +5,5))/v/6, etc. It can be verified that the proper
additive observable for |1 states is J,, while for |¢;)
states it is J,. All the states (25) are in fact general
macroscopic quantum states since the variance of the ad-
ditive observable scales as O(N?).

We first concentrate on |1, ) states. The required
probability distribution is given by p,, = (¢ |7, m).|?,
Sm = m, and we again select s;; = 0 (see Fig. 2 for an
example). We are going to analyze the behavior of the
probabilities p,, for j — co and small m, i.e., we want to
examine the overlap (j,m’|j,m), = (j,m’|e""2/v|j,m) =
d’ ., (w/2) for j large. In the last equality we recognized

the Wigner (small) d function that can be related to Ja-

cobi polynomials P,ga’b)(z) in the following manner [5]

£ (6) = {(mmm )'F

mm Jj+m)G—m)!

0 m—m’ 0 m+m’
X (sin 2) <cos 2> . (26)

Thus, we find

](TT;7rz’ ;m+m') (COS 0)

o )= e[ L= 00
(27)

Using Stirling’s asymptotic series and asymptotic expan-
sion of Jacobi polynomials [6-8] in the limit j — oo and

m,m’ finite, we obtain

_ ) 2 (j—m+mhrm .
/ ~ o S T e e )i 3/2
(Jym'|j,m)e ~ e 5 +0(57%7).
(28)

so that

n

(W |7, m)a :Z( D¥ep (g, —n + 2k[j,m),

\/;Z e cos [

/ (j—m-—n —3/2
ECOS#%Ck‘FO )

=0(j73/7), (29)

2L kw} +0(j7%2)

since by construction we have ZZ:O ¢ = 0. Thus, we

establish the asymptotic relation p,, = |(¥, |j,m).|* =
O(j~?). The choice s,; = 0 guaranties that a; — 1/v/2
(k =1,2) as j — oo, so that the separation probabil-
ity Py(|s — sm| < 2) vanishes at least as O(j73), i.e.,
O(N~3). Essentially the same approach can also be ap-
plied to [¢;") states. Finally, we conclude that none of
the states (25) can be reached by cooling the system of
N spin-1/2 particles described by an arbitrary 2-local
Hamiltonian.

This example can also be put into the context of
double-well (or twofold fragmented single-well) Bose-
Einstein condensates of N particles via the Schwinger
representation of angular momentum operators in terms
of two bosonic modes. Hence, for arbitrary pairwise par-
ticle interactions and potential trap designs the consid-
ered superpositions of Dicke states cannot in principle
arise as a result of the simple condensation process and
necessitate other means of preparation. Contrarily, we
conclude from our previous analysis that one would need
genuine 3-particle interactions in order for it to be possi-
ble to prepare such states by the process of cooling.

Quantum superpositions in SQUIDs

Here we provide the discussion of superpositions of
magnetic-flux states in SQUIDs and show the relation
to our analysis. We will consider the simplest form of
Josephson device which displays all the features relevant
for the present discussion, namely a single rf SQUID [9].
In the thermodynamic limit (the number of Cooper pairs
N tends to infinity), the full many-body description re-
duces to a simple model with one macroscopic quantum
variable, i.e., the total flux ® trapped through the SQUID
ring, and the dynamics follows an effective single-particle
1D Schrodinger equation, where the effective Hamilto-
nian Heg(®) has a usual kinetic o< —92/09? and a poten-
tial term U(®) [10]. The system exhibits a finite energy



gap AF independent of N. For an appropriate choice
of external magnetic field, the problem boils down to the
analysis of a 1D quantum particle in a double-well poten-
tial U(®) [9]. The ground state wave function ¢ (®) has
two peaks to which we can associate the states ¢_(®)
and ¥4 (®). They correspond to the states of supercur-
rent flowing in one or in the other direction around the
ring. Since the magnitude of the total magnetic moment
in each of the cases can be 10°up [11], or even 10%up
[12], these states are asserted to be macroscopically dis-
tinct.

For simplicity reasons, let us assume the symmetric
potential U(—®) = U(®P) with two degenerate wells sep-
arated by a classically impenetrable barrier [9]. For the
case of an even potential, the well-known textbook re-
sult states that the ground state wave function is even,
ie. Yo (—P) = 1o(P), whereas the first excited state wave
function is odd 11 (—®) = —1)1 (®). Here Hog(P)1);(®) =
E;;(®) and AE = E; — Ey. Since 1,(0) = 0, the proba-
bility density [1o(®)|? attains a minimum at the center of
the barrier ® = 0. Precisely this is the natural choice for
the separation point that divides the ground state wave
function into the two components 14 (P).

Following Ref. [13], simple algebraic manipulation of
eigenequations ﬁeg(¢)wi(¢) = E;;(P) yields the rela-
tion

$o(0)¢1(0)

AFE =
const X fooo wo(q))wl(q))dq),

(30)

meaning that the energy gap is directly proportional to
the ground state probability amplitude 1(0) at the cen-
ter of the barrier. Since AFE is nonzero, ¢y(0) must be
nonvanishing as well. Therefore, as long as the energy
gap is finite, there is a nonvanishing macroscopic proba-
bility density |19(0)|? of Cooper pairs at the center of the
barrier (the separation point). Thus, one concludes that
the states 14 (®) cannot be arbitrarily well separated
whenever the energy gap is finite. In addition, the same
general conclusion as above holds for arbitrary confining

potential. Namely, it is a well-known fact that a non-
degenerate ground state wave function has no nodes, i.e.,
it exhibits the nonzero probability density everywhere.

Finally, we point out that instead of an effective de-
scription and an analysis of the flux variable, one might
consider the full 2-local many-body Hamiltonian and in-
voke the analysis of some additive observable, such as
the pseudo-angular-momentum [14]. In such a case, the
dependence on the number of Cooper pairs N would ex-
plicitly be taken into account. Our main theorem would
then directly yield the conclusion that for any considered
additive observable there is a lower bound on the sepa-
ration probability Py, > O(1/N?). In other words, this is
the best separation of the two wave function components
one can expect to have.
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Dark-polariton bound pairs in the modified Jaynes-Cummings-Hubbard model
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We investigate a one-dimensional modified Jaynes-Cummings-Hubbard chain of N identical QED cavities
with nearest-neighbor photon tunneling and periodic boundary conditions. Each cavity contains an embedded
three-level atom which is coupled to a cavity mode and an external classical control field. In the case of two
excitations and common large detuning of two Raman-resonant fields, we show the emergence of two different
species of dark-polariton bound pairs (DPBPs) that are mutually localized in their relative spatial coordinates.
Due to the high degree of controllability, we show the appearance of either one or two DPBPs, having the
energies within the energy gaps between three bands of mutually delocalized eigenstates. Interestingly, in a
different parameter regime with negatively detuned Raman fields, we find that the ground state of the system is
a DPBP which can be utilized for the photon storage, retrieval, and controllable state preparation. Moreover, we
propose an experimental realization of our model system.

DOI: 10.1103/PhysRevA.93.013835

I. INTRODUCTION

The interaction between light and matter is one of the
most fundamental and basic processes in nature, and it
represents a milestone in our understanding of a broad range
of physical phenomena. The recent experimental success in
engineering strong interactions between photons and atoms
in high-quality microcavities opens up the possibility to use
light-matter systems as quantum simulators for many-body
physics [1]. Key examples as first-principles proposals are
quantum phase transitions of light in coupled cavities [2—4],
quantum fluids of light (see [5]) and the Mott-insulator-
to-superfluid phase transition of polaritons in an array of
coupled QED cavities [6—11]. Coupled cavities are realized
in a variety of physical systems, among them microcavities
and nanocavities in photonic crystals [12]. These have paved
the way to study strongly correlated phenomena in a controlled
way by using such systems. Richness in these systems emerges
from the interplay of two main effects. At one side, light-matter
interaction inside the cavity leads to a strong effective Kerr
nonlinearity between photons. By controlling the atomic level
spacings as well as the cavity-mode frequency, it is possible
to achieve a photon-blockade regime [13—16] where photon
fluctuations are suppressed in each cavity. On the other
side, photon hopping between neighboring cavities supports
delocalization and competes with the photon blockade.

At the end of the past century, Fleischhauer and Lukin
introduced the theoretical concept of dark-state polaritons
(DSPs), form-stable coupled excitations of light and matter
associated with the propagation of quantum fields in electro-
magnetically induced transparency (EIT), and showed their
potential usage as quantum memories for photons [17,18].
Since then, DSPs have been in the focus of intense theoretical
and experimental investigations [19-33]. The first proposal
for realization of strong interactions among DSPs and Mott-
insulator-to-superfluid phase transition thereof was given by
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Hartmann et al. [9]. They demonstrated the possibility to
generate attractive onsite potentials for polaritons yielding
highly entangled states and a phase with particles much
more delocalized than in superfluids. Moreover, two-polariton
bound states, composite excitations of two polaritons that may
be spatially confined together, were predicted by Wong and
Law [34]. Very recently, two-polariton bound states have been
related to spin-orbit interactions by Li et al. [35]. Both are
features of the systems described by the one-dimensional
Jaynes-Cummings-Hubbard model (JCH) and represent an
important connection between condensed matter physics and
quantum optics. In such systems, it is possible to realize various
many-body effects where the particles of interest are photons
rather than electrons.

In this paper, we present a scheme based on a modified
Jaynes-Cummings-Hubbard model (MJCH) that enables the
formation of two different species of spatially, mutually
localized dark-polariton bound pairs (DPBPs). Our scheme
is based on N identical coupled QED cavities with periodic
boundary conditions. Each cavity embeds a single three-level
atom. A cavity mode and an external control field, which are
in two-photon Raman resonance, drive the transitions from
the two atomic ground states to the excited state. We assume
that a common single-photon detuning of the fields is large
compared to the coupling strengths. Under such conditions, the
description of the three-level atoms is effectively reduced to
ground-state two-level systems with tunable coupling strength
between the ground levels and controllable level Stark shifts.
Hence, our model circumvents the drawbacks of the excited-
state spontaneous emission and provides a tunable extension of
two-polariton bound states of the classical Jaynes-Cummings-
Hubbard model [34]. Furthermore, we find that when the
common detuning of the coupling fields is negative, the
lowest-energy eigenstate of the system becomes a mutually
localized DPBP of a new type that may be used as a quantum
memory of light. This may find potential use in quantum
information processing and controllable state preparation.

This paper is organized as follows. In Sec. II, we recapit-
ulate the standard Jaynes-Cummings model and focus on its
spectrum and eigenstates. In Sec. III, we discuss the modified
Jaynes-Cummings model where we derive the modified

©2016 American Physical Society
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Jaynes-Cummings Hamiltonian from a bare model. Further,
we analyze the eigenstates and highlight the differences to
the standard Jaynes-Cummings model. In Sec. IV, we present
the considered model system and extend the modified Jaynes-
Cummings model to a modified Jaynes-Cummings-Hubbard
model, highlighting that it features the formation of bound
states of two dark-polaritons. In Sec. V, we present a detailed
discussion of the two-excitation subspace and explain the for-
mation of dark-polariton bound pairs (DPBPs), accentuating
their tunability through the control field Stark shift. In Sec. VI,
we demonstrate an application of a ground-state DPBP as a
quantum memory on which storage and retrieval of a single
photon can be performed, while the second photon remains not
influenced by the storage and retrieval process. Even though
two photons are bound, exactly one photon can be addressed.
The state composition of the ground-state DPBP can be tuned
by the relative importance of the intercavity photon hopping,
e.g., increasing the common single-photon detuning |A|. In
Sec. VII, we propose an experimental realization of our
model system, where we state not only promising candidates
to the creation of one-dimensional chains of N-coupled
QED cavities, but also name single A atoms which can be
considered. In addition, we point out that for Cs the measured
strong-coupling constant g,, fits very well with our theoretical
prediction, where the formation of DPBPs as well as the
storage and retrieval process can be seen. Finally, In Sec. VIII
we draw our conclusions.

II. STANDARD JAYNES-CUMMINGS MODEL

Within this section, we recapitulate the standard Jaynes-
Cummings model (JC). Especially, we focus on its spectrum
and eigenstates. In this model, a two-level atom with ground
level |g) and excited level |e) having energies w, and w,
interacts with a single mode of an electromagnetic field of
frequency wy that couples the transition |g) — |e) with the
strength g¢. In the (rotating-wave) approximation (RWA), JC
Hamiltonian has the form (& = 1) [36,37]

HYO = woit + 8676~ — go(aét +a'é"), (1)

where ¢t (¢) is the photonic creation (annihilation) operator and
6t =le){g| (67 =|g){e|) is the atomic raising (lowering)
operator. i = ¢1é + 616~ is the number operator of the
combined photonic and atomic excitations (polaritons) which
is a conserved quantity, i.e., [I:I(JC),ﬁ] =0.6 = w, — wo 1S the
detuning. Due to the conservation of 72, HY© in the subspace
{|g,n),|le,n — 1)} is represented with the block matrix 4,,:

won — n
ho— < 0 go/n > @)
—go/n won + 8
with n = 1,2,3, ... being the total number of excitations.

The matrix in (2) is a 2x2 matrix and can be analytically
diagonalized. The eigenenergies are given as

3

g | B =om+ B E @) n>1
" Ey=0, n=0
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with x,(8)=,/82 +4g§n being the generalized Rabi fre-
quency and + stands for the higher and — for the lower
eigenenergy, while the eigenstates are

|n,+) :=sin(6,)|g,n) + cos (6,)le,n — 1), (4a)
n,—) :=cos(6,)|g,n) — sin(6,)|e,n — 1). (4b)

n = 0 corresponds to the state of zero polaritons. It takes on
the form

10,£) =10,¢) = 10), (%)
whereas the occurring mixing angle 6, is defined as

1 2g0/n

O, = 7 arctan( 5 ) 6)
The eigenstates (4) are called polaritons. Polaritons are low-
energy quasiparticles which are composed of photonic and
atomic excitations in superposition. As we change the mixing
angle 6, by a rotation from 0 to 7, which basically corresponds
to a change of the detuning 8, we tune the polaritons to either
pure photonic or pure atomic excitations in a reversible manner.
Due to the contribution of the excited atomic state |e,n — 1),
these polaritons in a more precise way can be called bright
polaritons similar to [17-19,33].

III. MODIFIED JAYNES-CUMMINGS MODEL

For the subsequent discussion, we need to derive the mod-
ified Jaynes-Cummings (mJC) Hamiltonian which describes
an effective interaction of a A system with a highly detuned
mode of an electromagnetic and classical field. We show that
due to the large, common single-photon detuning A, i.e.,
[A] > |gml,|R2], it is possible to circumvent the drawback
of the excited-state spontaneous emission that would plague
realizations of the JC model by using atoms and optical
cavities [37]. Moreover, we focus on the discussion of the
eigenstates and eigenspectrum in two specific cases which
naturally arise in our case.

A. Derivation of the modified Jaynes-Cummings
model Hamiltonian

We consider a single photon in a single-mode QED cavity
in which a A three-level atom is embedded. The ground levels
are |g) and | f) with their level energies w, and w s, whereas
the excited level |e) with level energy w, is detuned by a
large, common single-photon detuning A with respect to two
coupling fields. The cavity field with frequency w,, couples
the transition |g) — |e) with strength g,,. Further, a classical
control field with frequency w. and Rabi frequency €2 couples
the transition | f) — |e). Our bare model Hamiltonian (& = 1)
has the form

[:Ibare(t) = HC + ﬁa + F]int(t)7 (7a)
I:Ic = wméTés (7b)
ﬁa = wgo,\'gg + wf6ff + a)e&eea (7C)

I:Iint(t) = _(gmééeg + g;été—ge + Qe_iwCl&e_f
+Q*eiwgtof\,fe)’ (7d)
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where H, denotes the free-field Hamiltonian of the QED
cavity, H,, stands for the free-atomic Hamiltonian, and ﬁim(t)
describes the interaction of the fields with the atom. é' (¢) is
the photonic creation (annihilation) operator and 6,5 = |a)(f]
(a,B € {g, f}) are the atomic operators. Hy,(7) in (7) satisfies
the time-dependent Schrodinger equation

0,V () = H'()Y()). ®)

We move to a rotating frame in which (7) is time independent.
The corresponding gauge transformation [19,33] has the form
(h=1)

H" = U(t) Boare(HU (1) + i3, [U(0)]U (1), ©)

where U(1) is a unitary transformation. Under the gauge (9),
Hyare (1) reads as

Al = He + Hy + Hi, (10a)
H, = w,¢'é, (10b)
H, = 0y64q + (0f + 06 + 0o, (10c)

Hint = —(8nC6og + 8561640 + Q6o + Q764.).  (10d)

U(t) = e~''%/ has been chosen as the unitary transfor-
mation in deriving (10). Assume that the A three-level atom is
initially prepared in the state |g,n) = |g) ® |n). n represents
the arbitrary but fixed number of excitations withn = 1,2,3 ...
and |n) the corresponding number state. Under the action of
ILAIbTare onto the state |g,n) = |g) ® |n), we get the relations

AL 1g.n) = (0nn + wp)|g.n) — gm/nle,n — 1), (11a)
[:Ibl;rele’n -1)= [a)m(n - 1) + Cl)g]|€,l’l —1)

—gi/nlg,n) — Q| fin — 1), (11b)
Al fin—1) = [0n(n — 1) +of + ol fin — 1)
—Qle,n —1). (11c)

In the subspace {|g,n),le,n — 1),|f,n — 1)}, AL . has the
matrix representation

(wmn + wyg) —gm/1 0
Npare = —g,’;\/ﬁ wn(n—1) + w, —Q*
0 —Q (wn(n—1)+owr+w.)

(12)

Under Raman resonance condition w,n 4+ w, = 0 + . =
w, — A, we get

(wmn + wg) _gm\/ﬁ 0
Rbare = —g;;\/f_l (won(n—1) + ) —Q"
0 2 (@u—Dtoptw)
(13)
Under a rotating-wave approximation, (13) is reduced to
0 —gm/1 0
h = | —gnv/n A Q. (14)
0 —-Q 0

In addition, as we have a far detuned excited state |e,n — 1),
ie., |A] > |gml, 2] [36,38] we can adiabatically eliminate the
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contribution of the excited state |e,n — 1) directly on the level
of (14). This yields to

_ lewPn _ &mSn
(mJC) _ A A
h T\ _en _le? ) (15)
A A

Equation (15) represents the matrix form of the modi-
fied Jaynes-Cummings Hamiltonian (mJC) in the subspace
{lg,n),| f,n — 1)}. The operator form of the modified Jaynes-
Cummings Hamiltonian (mJC) reads as

A™O = fg 4y, (160

b |gm|2 Afan |Q|2 A
s =—|——C'¢6g + Tgff , (16b)

Q*
cafg>. (16¢)

The term Hy incorporates the influence of Stark shifts of
the detuned fields, while I:Iim represents the interaction of the
cavity field and the atom, where G = g} 2/ A is the effective
atom-photon coupling constant. Hamiltonians Hs and Hiy
constitute the modified Jaynes-Cummings Hamiltonian. In the
sequel, we are going to discuss the eigenstates of H™© and
look at the effect of the control field Stark shift.

B. Eigenstates of the modified Jaynes-Cummings
model Hamiltonian

In the following, we calculate the eigenenergies and
eigenstates of H™C) We show that dependent on whether
one compensates the control field Stark shift by using external
fields or not, the eigenenergies, composition of the eigenstates,
and the mixing angle 6, differ significantly. First, we consider
the case of noncompensated control field Stark shift. A™O
of (16) reduces in the subspace {|g,n),| f,n — 1)} as

_‘gmlzn _
N
n £
~G*/n
with n =1,2,3,... the total number of excitations and

corresponding number state |n). The eigenenergies are given
as

(17)

E{") =0, (18)

m ml’n QP
E™ = —(% n %) (19)

The eigenstates to the eigenenergies ES:"ZL and E 8"2, read as

|n,DP)) := sin (,)| f,n — 1) — cos (6,)|g.n),
[n,DP)) := cos (6,)| f,n — 1) + sin (6,)|g.n)

(20a)
(20Db)

with the occurring mixing angle 6, which is defined as

s

21
2 21)

1
0, = — arctan (
2
However, |n,DP®)) are called dark-polaritons. A dark-
polariton is a quasiparticle which is a superposition of photonic
and atomic excitations, where the atomic excitations have
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only contributions of ground levels |g) and |f) and not
the excited level |e). Such dark-polaritons are very similar
to the known dark-state polaritons [17,18], but with one
major difference. Dark-state polaritons are defined at Raman
resonance of two coupling fields and formed independently
of the single-photon detuning. Instead, dark-polaritons, which
are also defined at Raman resonance, are formed for a large
single, common photon detuning A of the two coupling
fields, i.e., |A| > |gml,|2|. The dependence on A enables
to tune the eigenstate [n,DP®)) from an excited to a ground
eigenstate. This follows from the eigenenergy £ (_'",)1 of'the dark-
polariton [n,DP). If A > 0 (A < 0), |n,DP™) is an excited
(a ground) eigenstate and |n,DP)) a ground (an excited)
eigenstate. Note that |n,DP™P) is a degenerate eigenstate
because the corresponding eigenenergy Eg_m,)l does not depend
on the dark-polariton number n. |n,DP)) is a degenerate
eigenstate as well for n > 2. Thus, the spectrum is discrete
and degenerate in dependence of the dark-polariton number n.
Now, we switch to the case of compensated control field Stark
shift. Compensation is achieved by using an additional field,
which couples the ground state | f) with some far-off-resonant
excited state [39]. Within (17) we set the control field Stark

. 2 . .
shift % to zero. Hence, the new block-matrix representation
h(nm’comp) in the subspace {|g,n),|f,n — 1)} reads as

|gm|*n
J(m-comp) _ _gT —Gy/n , (22)
" —G*J/n 0
with n = 1,2,3, ... the total number of excitations and corre-

sponding number state |n). The block-matrix (22) isa 2 x 2
matrix and can be analytically diagonalized. The eigenenergies
are given as

E(comp,m) _ |gm|2n + |gm|\/ﬁ |gm|2n + 4|Q|2
7”1 - k

2A
E(comp,m) _ _|gm|2n + |gm|\/’; |gm|2n + 4|Q|2 (23)
e 2A '

The respective eigenstates to the eigenenergies Esrcfznp "™ and
(comp,m)
E”, are

|n,DPf;;Z1p) :=sin(6,)| fin — 1) +cos(6,)|g.n), (24a)
|n,DPO) ) i = cos (6,)| f,n — 1) —sin(6,)|g.n),  (24b)

comp

with the occurring mixing angles 6, which are defined as

1 A(2,n)
0, == arctan | —— |, (25a)
2 B(gm,2,n)

A(Q,n) = 22 x |97, (25b)
B(gm,Q,n) = Vv C(gm’gzvn)ﬂ (ZSC)
C(gm-Q.n) = |guIn® +4|Q°n + D(gn.Q.n),  (25d)
D(gm,QJl) = |gm|nﬁ |gm|2n + 4|Q|2 (256)

In,DP) ) are dark-polaritons, but of a different type com-

comp
pared to the case of noncompensated control field Stark shift.

First of all, the eigenenergies E\°™"™ with s = +,— depend
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on the generalized Rabi frequency &(n) = /|gn|*n + 4|2)2.
Second, |n,DP£§31p) have a common mixing angle 6, that
depends on the generalized Rabi frequency &(n) as well. In
addition, the two dark-polariton branches, represented through

|n,DP(CfI{1p), are separated by the energy amount

E(_c?vnmp,m) _ EEFCf)nmp,m) — |gm|\/z |gm|2n + 4|Q|2 (26)

The separation energy is directly dependent on the generalized
Rabi frequency &(n) and the common single-photon detuning
A as well. This separation is related to the photon-photon
repulsion. It is a consequence of the onsite repulsion U(n)
which is a measure of the Kerr nonlinearity [40].

C. Comparison to standard Jaynes-Cummings model

On the level of the individual Hamiltonians, major differ-
ences are that at first, in ™) the number operator depends
on the projection operator G,, of the ground level |g) which is
not the case in HY©). Second, in H™O the atom-cavity field
coupling strength G = g,,2/A is rescaled by the common
single-photon detuning A and the Rabi frequency €2, where
G is chosen to be real. Regarding the eigenstates, a key
difference between H™C and HUO is that in the modified
Jaynes-Cummings model we have eigenstate dependence on
the control field Stark shift. In addition, within the modified
Jaynes-Cummings model, we only have a dependence on
ground levels, whereas in the standard Jaynes-Cummings
model there exists a dependence on the excited level. Hence,
these dependencies affect the coherences. Namely, the bright
polaritons in the standard Jaynes-Cummings model only
consist of optical coherences 6., and are explored to spon-
taneous emission, while in the modified Jaynes-Cummings
model, dark-polaritons only consist of spin coherences 6y,
and no exploration to spontaneous emission is present. This
enables the usage of dark-polaritons as a quantum memory
for photons over their spin coherences likewise the dark-
state polaritons [17-33]. Changing the mixing angles in (21)
and (25) over rotations from 0 — Z, which corresponds to
an adiabatical change of the Rabi frequency €2, photons are
transferred to and stored in the spin coherences in a reversible
manner. Optical coherences have shorter coherence times
compared to the spin coherences which have longer coherence
times. Coherence times of spin coherences are in the range of
s to ms in dark-state polaritons [17,18]. Similar is the case for
dark-polaritons. In the sequel, we focus on our model system
and state the effective model Hamiltonian which is based on
our derivation of the modified Jaynes-Cummings model.

IV. MODEL SYSTEM AND EFFECTIVE
MODEL HAMILTONIAN

In the previous sections, we have investigated the stan-
dard and modified Jaynes-Cummings model on the level
of a single QED cavity. In the subsequent step, we extend
the modified Jaynes-Cummings model to a one-dimensional
array of coupled QED cavities. This will lead us to the
modified Jaynes-Cummings Hubbard model as our effective
model Hamiltonian. It includes the hopping between adjacent
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cavities. First, we state the model system and, second, present
the effective model Hamiltonian.

A. Model system

The system we consider consists of a one-dimensional array
of N-coupled QED cavities. We assume periodic boundary
conditions, i.e., the cavity labeled by n = N + 1 corresponds
to the cavity n = 1. Each cavity embeds a three-level atom
with two ground levels |g) and | f), and an excited level
le). The level energies are w,, ws, and w,, respectively,
and the excited level |e) is detuned by the common single-
photon detuning A. In reality, the levels can be either fine
or hyperfine levels of alkali-metal atoms. Their D; or D,
line transitions are nowadays easily accessible via available
lasers and optical modes of QED cavities. One mode of a
tunable cavity [41,42] of frequency w,, couples the transition
|g) — |e) with the strength g,,, and the classical control field
of frequency w, and Rabi-frequency €2 couple the transition
|f) — le). This configuration is known to feature vacuum
induced transparency, as first experimentally demonstrated by
the group of Vuleti¢ [43]. Both g,, and 2 are typically in MHz
range for alkali-metal atoms, which are strongly coupled to
QED cavities, and for moderate laser powers.

B. Effective model Hamiltonian

As we consider a one-dimensional chain of N identical
coupled QED cavities, the derived modified Jaynes-Cummings
model for a single QED cavity is valid for all QED cavities
in the one-dimensional chain. Therefore, our effective model
Hamiltonian (modified Jaynes-Cummings Hubbard model)
(h = 1) has the form

I:I(mJCH) — ﬁ(mJC) + I:Ihop7 (278)
H™O = Hg + Ay, (27b)
. Q2
Hy = — Z (gm (16,600 + &}’?) 27¢)
N
Ao =—G Y (6l +e.60). (27d)
n=1
N 1
Hyop = —J Z(@;Héﬂ +¢leus), (27¢)
n=1

where ET (éu) is the photonic creation (annihilation) operator
and a(” )

for the site. number u. The term Hg incorporates the
influence of Stark shifts of the detuned fields, while H;y

J

a)u (Bl (,B € {g,f}) are the atomic operators

Hlkj)r = (0x + @; = 2a)lkj)r — G(K) alj) F + 1j)alk)F),

. 2G
Al01j)r = (@) —a = BIKIalivr = GUki)a+ ki) D) + 5 D (KAl F + 104K P + 55 D7 K,
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represents the interaction of the cavity field and the atom,
where G = g,Q2/A is the effective atom-photon coupling

constant which is set to be real. Hamiltonians HS and Hiy
constitute the modified Jaynes-Cummings Hamiltonian. As
will be shown in the sequel, the Stark shifts have profound
influence on the energy eigenspectrum. I{Vhop describes the
photon hopping between adjacent cavities, based on evanes-
cent field coupling, with J as the intercavity photon hopping
strength. Similar effective Hamiltonian has been previously
used to describe a network of fiber coupled cavities, embedded
with three-level atoms [39]. However, while that scheme
requires the compensation of the level Stark shifts, here we
utilize the individual Stark shifts to achieve tunability. Our
effective model Hamiltonian (27) supports the formation of
dark-polariton bound pairs. We will see that the different
dark-polaritons, which have been discussed in Sec. III, are
actually involved in the formation of the energy bands and the
bound states. Moreover, we show and discuss that the bound
states are formed due to the presence of a force called Kerr
nonlinearity which is determined by the onsite repulsion.

V. FORMATION OF DARK-POLARITON BOUND PAIRS

In the following, we discuss the formation of dark-polariton
bound pairs in our system. In order to exploit the invariance of
the system under cyclic permutations of the sites, we introduce
the following operators via discrete Fourier transforms:

N

. 1 2i

by=—=) e NHke, (28a
~ M§=1 M )
| &

oK) _ =2k A (1)

Sgp=—= ) e v"§g 28b)

ef Z ef (

VN T

where k = 0,1, ...,N —1 is related to the (discrete) quasimo-
mentum of the excitation. Similarly to [34], we work in the
two-excitation subspace that is spanned by the states |kj)r =
bibj o), 1K) £1j)a = BiS)"|®o), and [kj)a = 3¢5 o).
The subscripts F and A stand for the photonic and atomic
excitations, respectively. The state |Dg) = ®2’:1|g>M|O)M is
the ground state of the system, where |0), denotes the vacuum
state of the cavity number p. We note that the excitations
(polaritons) are in our case dark in a sense that they do not
have the contribution of the excited levels |e) and are not
subjected to spontancous emission. The atomic excitations
lkj)a are in general not orthogonal to each other because
of A(k'j'lkj)a = 8kwd)j + Sk 8k — =8k jk+j- br and
b fulfill the bosonic commutation relation [Bk,Bj] = 8;,
while the atomic operators fulfill the commutation relation

(k) A 2711 X
(5 ;f) ;Jf)T N Z T U= with 64 as the Pauli z

matrix for the atom in the wuth cavity. Under the action of H
on the states which form the two-excitation subspace, we get
the relations

(29a)

(29b)

k', j")eSp (K", j")eSp
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N 2G
H{j)alk)r = (0 —a = b)[j)alk)r — G(Ikj)a + 1kj)F) + % D KAl Y E + 1V alk) F) + ~ > KN,

Hlkj)a = =G(Kk)alj)r + 1) alk) ) — 2blKj) 4,

where w; = —2J cos(%) forl € {k,j},a=g%/A, and b =
Q?/A. Within Egs. (29b) and (29¢), we have a sum over the
set Sp={(k,j)|I0<k<j<N—-1,k+j =P (modN)}
that is determined by the quasimomentum P. From
Egs. (292)—(29d) we can deduce that the quasimomentum
P is a conserved quantity and hence a good quantum
number. Apart from the quasimomentum, the total number
of excitations (dgrk—polaritons) N = Z,T: l(éLc L+ 6 ff)) isa
conserved quantity.

We can construct the complete set of eigenvectors by
solving the eigenproblem within each of the subspaces P =
0,1,...,N—1. Following [34], we restrict the discussion to
the case of even N and odd P. A general dark two-polariton
eigenvector |‘~II(D)) has the form

W) = 3 (alkidr + Bijlk)aljdr
(k. j)eSp

+ Bl alk) e + vig ki) a)- (30)

|\111(,,D)) satisfies the time-independent Schrodinger equation

H |\11§,D)) = kllllf,,D)) which yields within each of the subspaces
P=13,...,N—1 an eigenproblem that is given by the

subsequent set of linear equations

oy = (o + ) — 2a)ou; — G(Biy + By (31a)
Mj = —Gayj + (w; —a — b)ﬁkj - Gij
+N > (Bey +ﬂk,>+ Z vey  (31b)
(K", j)eSp k’ JeSp

M = —Gayj + (wx —a — b)fy; — GJ/kj

+N > B+ Bi; )+ Z yei.  (3lc)

(K", j")eSp (k ,JNESP
ki = —G(Brj + Brj) —

where X is the corresponding eigenvalue. As it was demon-
strated in [34], for various values of the quasimomentum P
the majority of eigenvalues are at most distributed among three
bands. When all three bands are well resolved, it was shown
that each of the two band gaps contains an eigenenergy of the
single two-polariton bound state. For sufficiently large inter-
cavity photon hopping strength J comparing to the strength of
the atom-photon interaction, the bands start to overlap.
However, since we are not dealing with the standard JCH
model, but rather with a modified one, we find some important
differences and new features. Namely, as opposed to [34] there
is only one mutually localized DPBP within one of the existing
band gaps, while the other one joins the adjacent outer band.
The other DPBP can reappear provided that the Stark shift of
the control field is compensated. In both cases, when A < 0,
gm > Qand g2 /|A| > 1.5 J, the ground state of the system
is DPBP of a different type than the aforementioned ones. In

2b]/kj , (3 ld)
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(29¢)
(k'.j"eSp k'.jeSp

(29d)

(

the sequel, we report on the state composition of the different
DPBP types.

The Kerr nonlinearity is a known force in light-atom
interactions which depends on the atomic level structure as
well as on the coupling strength of light-atom interactions. In
our case, the strength of light-atom interaction is described
by the effective coupling strength G = g,,2/A. Tuning g,
and/or  directly affects the Kerr nonlinearity. Compared
to [34], we can not only tune and control the Kerr nonlinearity
by the cavity-mode coupling strength g,,, but also by the Rabi
frequency 2. This force can be attractive or repulsive [1,13—
16]. This force generates the bound state of two dark-polaritons
in our case. A measure of the Kerr nonlinearity is the onsite
repulsion U (n) which is in general defined as

Un):=(Ey —E)n+1)—(Ey — E)(n) (32)

with Ey the eigenenergies of the considered eigenstates. In
case of the standard Jaynes-Cummings model, the onsite
repulsion U(n) = x(n + 1) — x(n) is determined by the
generalized Rabi frequency y(n) [3]. This will be different
in our case as we will see in the following. In our DPBPs
we have bound photons and bound atoms. In [44], they have
experimentally shown bound states of atoms in coupled QED
cavities, when atoms occupy the same site.

A. Dark-polariton bound pairs in the regime
of noncompensated control field Stark shift

We focus on the single DPBP solution of Egs. (31) which
is given in red color within Fig. 1(a) representing the energy
eigenspectrum of the model Hamiltonian H in dependence
of odd values of quasimomentum P. Three energy bands
are visible for the used parameter values. We define the gap
between the two upper energy bands as the high-energy band
gap and in accordance the gap between the two lower-energy
bands as the low-energy band gap. The dark-polaritons, which
are involved in the formation of energy bands and the single
DPBP in Fig. 1(a), are given in (20). This can be seen by
solving Egs. (31) for intercavity hopping J = 0. Note that
the bands are a consequence of repulsively interacting dark-
polaritons of different types with respect to the eigenenergies
EY (’") . By different types here, we mean that the dark-polariton
Wlth eigenenergy E n interacts with the dark-polariton of

eigenenergy E(,,l in a repulsive way at the same site p. This
is a consequence of the onsite repulsion U(n). On different
sites, dark-polaritons with eigenenergies ES;",)I and E™) a

—,n

noninteracting. Instead, the mentioned Kerr nonhneanty,
expressed through the onsite repulsion U(n) = %, enables
the single DPBP state formation by the two dark-polaritons
with eigenenergies E™ .» Which is placed at the same site u in
case of A > 0. There is an additional DPBP, formed by the
two dark-polaritons with eigenenergies EE:",), incase of A > 0,

but is not visible in the spectrum as it is attached to the central
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FIG. 1. (a) Normalized eigenvalues dependence on the quasi-
momentum P for N = 30 cavities. Dark-polariton bound pair state
(red curve) appears in the low-energy band gap. The eigenvalues are
joined by lines for ease of visualization. (b)—(d) Joint probabilities
for different types of double excitations associated to DPBP state for
P = 1. Used parameters: A > 0, g,, = 0.05|A], 2 = 0.06|A|[, and
J =0.001]A]l.

band. On the contrary, formation of single DPBP interchanges
for A < 0. Our determined U(n) from [3] is mainly affected
by the cavity field coupling strength g,,. By increasing g,, we
increase the onsite repulsion U (rn) which directly enhances the
interaction between the two dark-polaritons with eigenenergies
E(,m,)l at the same site p with A > 0. Thus, single DPBP is
strengthened. Due to the interaction, the single DPBP lies
inside the energy band gaps. Depending on the sign of the
common single-photon detuning A, DPBP lies either in the
high- or low-energy band gap. In the case A > 0, DPBP lies
in the low-energy band gap, whereas in the opposite case it
resides within the high-energy band gap. In order to get some
information on the inherent state composition of the single
DPBP, we calculate, in line with [34], the joint probabilities

2

A Al
CnC,
= (WP —2 )| | 33a
prr = |(¥p |m| 0) (33a)
At A (m 2
PAF = |(‘~I’§aD) C,TlU;f)T|q)0)| , (33b)
A ()T A (m 2
pan = [(W57]66.7 |90)] (33¢)

of finding pure photonic, photon-atom, and pure atomic
excitations, respectively, in cavities at positions n and m. These
excitations (pure photonic, pure atomic, and photon-atom)
reflect the unique property of dark-polaritons in which the
superposition of photonic and collective atomic excitations
can be tuned by changing 2 in first place. In our case,
we can not only change €2, but also g, as we use tunable
cavities [41,42]. For a given value of quasimomentum P, all
three joint probabilities only depend on the relative distance
|n — m| within the cavities.

In Figs. 1(b)-1(d) we present the joint probabilities for the
single DPBP state of Fig. 1(a). We have chosen the number
of coupled QED cavities to be N = 30, single-photon detun-
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ing A > 0, cavity-mode coupling strength g,, = 0.05 A, the
control field Rabi frequency €2 = 0.06 A, intercavity photon
hopping strength J = 0.001 A, and subspace P = 1. One can
see that the DPBP excitations are well confined together,
and all three possible excitation types coexist with roughly
equal contributions. The state composition gradually changes
by decreasing the contribution of double atomic excitations
when P approaches the midrange values. This regime is
roughly characterized by g,, ~ Q and (g2 + Q*)/|A| > 5J.
The energy band gaps close when decreasing the ratio of
(g2 +92)/|A| and J. At the same time, DPBP becomes
relatively delocalized, similarly as in [34].

B. Dark-polariton bound pairs in the regime of compensated
control field Stark shift

The tunability of our model enables not only the control
of the shape of the energy bands, but also the emergence
of an additional DPBP state. Namely, if the control field
Stark shift is compensated by using an additional field, which
couples the ground state | f) with some far-off-resonant excited
state [39], another DPBP state appears in the formerly empty
energy band gap. Such an add reflects in the removal of the
parameter b from Egs. (31). The energy bands in Fig. 2(a),
shown for discrete and distinct quasimomenta P, are formed
by the dark-polaritons in (24). This can be seen by solving
Egs. (31) for the intercavity hopping strength J = 0 and set
the parameter b equal to zero. The onsite repulsion U(n),
which ensures the formation of the two DPBPs, is given as

N1/ 82 (n+1)+4Q2 —g,, /1A / g2 n+4Q2 ..
Un) =% En X LN for positive and

negative common single-photon detuning A. Thus, the onsite
repulsion U(n) is invariant under the sign change of A.
Distinctly to the DPBP formation under noncompensated
control field Stark shift, the onsite repulsion U(n) apart
from the cavity field coupling strength g,, directly depends
on the Rabi frequency 2. This gives the opportunity to
effectively control and enhance the interaction through g,
and Q. Further, in Fig. 2(a) one can observe that each of
the two energy band gaps now contains a single DPBP state
(blue and red curves). We used the same parameter values
as in Fig. 1, but with compensated control field Stark shift.
In Figs. 2(b)-2(d) and Figs. 2(e)-2(g) we characterize the
state composition of lower- and higher-energy DPBP states,
respectively, by considering the joint probabilities as in the
previous subsection. The DPBP in the lower-energy band gap
is dominantly composed of two-photon excitation, while in the
other DPBP state atom-photon excitation prevails. Moreover,
higher-energy DPBP state is further apart from the outer energy
band and it is relatively more localized than the lower-energy
DPBP state. We checked that the same behavior persists for
other values of quasimomentum P. Note that the described
situation is for A > 0, while it interchanges for A < 0.

VI. QUANTUM MEMORY OF LIGHT IN
A DARK-POLARITON BOUND PAIR

In the parameter regime where the common single-photon
detuning A is negative and the cavity-atom coupling strength
gm 1s significantly larger than the control field Rabi frequency
2, we have a single DPBP state which is the ground state
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FIG. 2. (a) Normalized eigenvalues dependence on the quasi-
momentum P for N = 30 cavities. Two dark-polariton bound pair
states (blue and red curves) appear in both energy band gaps. The
eigenvalues are joined by lines for ease of visualization. (b)—(d) Joint
probabilities for different types of double excitations associated to
lower-energy DPBP state. (e)—(g) Joint probabilities for different
types of double excitations associated to higher-energy DPBP state
for P = 1. Used parameters: A > 0, g, = 0.05|A[, 2 = 0.06 |A|,
and J = 0.001 |[A].

of the system. It is well separated from the rest of the
energy spectrum when g2 /|A| > 1.5 J. This is presented in
Fig. 3(a). DPBP state composition, given in Figs. 3(b)-3(d)
by the corresponding joint probabilities, reveals that the state
is dominantly composed of combined atomic and photonic
excitations which are localized in their relative spatial coordi-
nates. Note that this DPBP state is of a completely different
type than the ones found in the previous section.

It is important that this state also enables the storage
of a single photon in the form of a collective atomic spin
coherence excitation to which the other photon is closely
bound. Namely, when 2 — 0 adiabatically, a DPBP becomes
a pure combination of an atomic and photonic excitation.
From this we can deduce that one photon remains attached
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FIG. 3. (a) Normalized eigenvalues dependence on the quasi-
momentum P for N = 30 cavities. Dark-polariton bound pair state
(red curve) appears as the ground state. The eigenvalues are joined
by lines for ease of visualization. (b)-(d) Joint probabilities for
different types of double excitations associated to DPBP state for
P = 1. Used parameters: A < 0, g,, = 0.05|A|, 2 = 0.001 |A[, and
J =0.00125 |A|.

to the atomic spin coherence wave. This is reminiscent of the
atom-photon molecule [36].

The state composition can be tuned by increasing the
relative importance of the intercavity photon hopping, e.g., by
increasing |A|. This is achieved gradually for distinct values
of quasimomentum, starting from the values P =1, N — 1
and proceeding towards the midrange values of P. Figure 4(a)
shows the energy spectrum in such a case. For P € {1,3,N—3,
N — 1} the DPBP state is predominantly composed of two-
photon excitations which become delocalized in their relative
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FIG. 4. (a) Normalized eigenvalues dependence on the quasi-
momentum P for N = 30 cavities. Dark-polariton bound pair state
(red curve) appears as the ground state. The eigenvalues are joined
by lines for ease of visualization. (b)—(d) Joint probabilities for
different types of double excitations associated to DPBP state for
P = 1. Used parameters: A < 0, g,, = 0.05|A], 2 = 0.001 |A|, and
J =0.002]A].
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spatial positions, as can be seen in Figs. 4(b)—4(d). The reason
for such behavior can be traced back to the emergence of the
avoided crossings of the ground state and the first excited state
near the edges of the quasimomentum zone. The crossings
shift towards the P-zone center as the influence of the photon
hopping is being increased. For the quasimomentum values
between the crossings, the DPBP state remains dominantly
of the atom-photon type. In the case when the control field
strength adiabatically reduces to zero, the DPBP state becomes
of a pure two-photon type. Therefore, this corresponds to the
retrieval procedure of the previously stored photon excitation.

VII. EXPERIMENTAL REALIZATION

Our model system is a large, one-dimensional mJCH
chain of N-coupled QED cavities. In order to realize it,
we need a structure, in which large arrays of coupled QED
cavities can be realized. Promising candidates are photonic
band-gap cavities [12,45]. It is manageable to produce and
position them with high precision and in large numbers. A
tempting alternative are photonic crystals as they offer the
possibility of fabricating large arrays of QED cavities in one- or
two-dimensional lattices as well as networks [46—48]. A third
possibility would be the use of toroidal micro-QED cavities
that are coupled via tapered optical fibers [49]. Single atoms,
embedded in each QED cavity, are three-level atoms where
the excited level is far detuned by the common single-photon
detuning with respect to the two coupling fields. In real
experiments, Cs and ultracold ®Rb atoms have shown to
be very suitable [44,50,51]. For Cs in a toroidal micro-QED
cavity it has be shown that g,, in the strong-coupling regime
reaches the value of ~ 50 MHz [50]. This fits pretty well with
our theoretically chosen value for the formation of individual
DPBP inside the energy band gaps, but also for the ground
DPBP at A < 0 with its potential use as a quantum memory
for a single photon.

VIII. CONCLUSION

To summarize, we have derived a modified Jaynes-
Cummings model from the bare model under two conditions:
(i) two-photon Raman resonance of the cavity mode and
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classical control field, (ii) common single-photon detuning
|A| > gn,2. We have shown that the eigenstates on one
hand depend on the common single-photon detuning and,
on the other hand, their composition differs with respect to
the control field Stark shift. Moreover, we have extended
the modified Jaynes-Cummings model to a modified Jaynes-
Cummings-Hubbard model where an array of N-coupled QED
cavities, each having an embedded single three-level atom, is
considered. The modified Jaynes-Cummings-Hubbard model
supports DPBPs. The formation of two different species of
spatially localized dark-polariton bound pairs (DPBPs) has
been elaborated when there are exactly two excitations in
the system. It was shown that the onsite repulsion U(n) as a
consequence of the Kerr nonlinearity represents the attractive
force between interacting dark-polaritons and enables the
existence of DPBP states. Furthermore, it is demonstrated
that our model system offers a high degree of tunability
that can affect both quantitative and qualitative behavior. In
particular, the number of DPBP states can be controlled by
(not) compensating the Stark shift due to the control field.
Further, in the regime when cavity-atom coupling overwhelms
the influence of the control field, and the common single-
photon detuning of the fields is negative, we obtained a
ground DPBP eigenstate on which the storage and readout of
a single photon can be effectively performed. An experimental
realization is proposed for our model system. Cs atom has
been mentioned as a promising candidate as its value of the
cavity-mode coupling strength g, fits very well with our
theoretically chosen and determined one. We expect that future
investigations of this kind of system under different settings,
i.e., with distinct and alternating hopping strengths between
the cavities, in the presence of disorder, or in two-dimensional
lattice configurations, may lead to various effects and rich
physics.
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We have observed high gains of the probe and the conjugate beams in non-degenerate four-
wave mixing in hot potassium vapor, using a double-A configuration at the D1 line of the
3 K isotope. Gains of up to 82 for the conjugate beam and 63 for the probe beam have
been achieved. Higher gains were obtained than with other alkali atoms under comparable

experimental conditions due to lower ground state hyperfine splitting in the potassium atom.
Experimental parameters for maximal gain have been determined. Notable gains are achieved
at low pump intensities (~10W cm~2) that are attainable even by conventional laser diodes.
Due to their high gains, the probe and the conjugate beams may be suitable for utilization in

quantum correlation and relative intensity squeezing experiments.
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(Some figures may appear in colour only in the online journal)

Four-wave mixing (FWM) is a nonlinear interaction of light
and a medium accompanied by a characteristic transfer of
energy between four modes of the electric field while these
modes interact with the medium [1]. FWM in atomic vapors
is a valuable tool for the generation of non-classical states of
light. Signal and idler beams (here referred to as the probe and
the conjugate beams, respectively) generated by this process
display intensity correlations and entanglement [2]. These
features make them applicable in high-precision spectroscopy
[3], sub-shot-noise measurements [4, 5], quantum imaging
[6-8], quantum communications and quantum information
processing [9, 10].

The first experimental demonstration of squeezed light
was made using FWM in an atomic beam of Na [11]. Since
such FWM processes generate squeezed light near atomic
resonance, the amount of squeezing is limited by other reso-
nant processes such as one-photon absorption and spon-
taneous emission. Renewed interest in FWM came after
predictions [12, 13] that non-degenerate FWM in atomic
systems with a double-A scheme could overcome these
limitations. Experiments that followed confirmed that it was
indeed possible to obtain squeezing near atomic resonance
[14-16].

1612-2011/16/015205+5$33.00

Higher gains of the probe and the conjugate beams (also
called ‘twin’ beams) in a non-degenerate FWM process leads
to higher relative intensity squeezing and deeper noise reduc-
tion [17]. The gains of the probe and the conjugate are defined
as G, = P,/Pi, and G, = P./P;,, respectively, where P, and
P. are the measured powers of the probe and the conjugate
beams, respectively, and Pj, is initial power of the probe seed
inside the amplifying medium. The ability of different medi-
ums to yield large gains of the twin beams was tested with
different interaction schemes. So far, all alkali atoms except
Fr and Li have been used as the gain medium for FWM [11,
14-26]. In the majority of studies the counter-propagating
geometry of two pump beams and one probe beam was used
and the degenerate case of FWM process was observed.

However, new beams generated in the aforementioned
arrangements are not suitable for applications that require
spatially separated beams. The most suitable interaction
scheme and experimental arrangement for employing twin
beams in relative intensity squeezing experiments was real-
ized by McCormick et al [15]. The coupling of hyperfine
levels of an alkali atom by a double-A scheme is depicted in
figure 1. The first A scheme consists of a strong pump that

couples the lower hyperfine sublevel |1 > of the ground state to

© 2016 Astro Ltd Printed in the UK
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|1

Figure 1. Double-A scheme at the D1 line of an alkali atom.
HFS—hyperfine splitting, A—one photon detuning, é—two photon

detuning. HFS of the nPy,, (i.e. |3>) level is negligible in comparison
with the ground state HFS.

the excited level |3> with one-photon detuning A of typically
several hundred MHz. The other ‘leg’ of the first A scheme is
the weak probe that stimulates the Stokes scattering from \3>
to the higher hyperfine sublevel |2> of the ground state, hav-
ing two-photon detuning . The pump is sufficiently strong to
drive the off-resonant transition starting from |2> The newly
created conjugate closes the second A scheme by stimulating
anti-Stokes scattering to the lower hyperfine sublevel.

Such an arrangement, yielding non-degenerate FWM and
spatially separated twin beams, was employed with achieved
gains ~20 [16, 24] or even 30 [25] in rubidium, ~32 in sodium
[26] and recently & 2 in cesium [27]. The theoretical explana-
tions for this arrangement were also provided [24, 28, 29].
Apart from relative intensity squeezing experiments, this
scheme is used in other applications such as slow light [25,
30-32], storage of light [33, 34], and heralded state density
matrix reconstruction [35], and is also proposed for all-optical
quantum networks [36-39].

In this paper we report FWM in a double-A scheme in hot
potassium vapor. There are very few works on FWM in potas-
sium vapor [19, 20] and all of them are done with counter-
propagating pumps. Ground state hyperfine splitting (HFS) in **K
(461 MHz [40]) is lower than in any other alkali atom, both for
lighter atoms such as "Li (803 MHz [41, 42]) or »*Na (1772 MHz
[42, 43]) and heavier atoms, like #Rb (3036 MHz [42-44]) or
133Cs (9193 MHz [43, 45]). In addition, all the transitions of
the D1 line of **K completely overlap due to Doppler broad-
ening. This affects the dynamics of pumping and repopulating
ground state hyperfine sublevels in a different way than in other
alkali atoms. All of the aforementioned properties of *K make
it interesting as a medium for FWM and other applications.

The influence of ground state HFS on the efficiency of
FWM can be estimated from the theoretical model given
by Turnbull er al [24]. In the model, the following equa-
tions describe the change of the probe E, and the conjugate
E. electric field along the z axis (the propagation direction of
the pump beam):

0

ik ik i
B_ZEP = TPXPP(WP)EP + 7[)ch(‘*Jp)elAk‘"zE>Ck (M

- Ut

Figure 2. Dependence of |yl on ground state HFS and two-photon
detuning 6. The one-photon detuning (A = 700 MHz) and dipole
matrix elements of the double-A scheme transitions were kept
constant.

B%EC = Lo+ Bengd s )
where, k, and k. are the magnitudes of the probe and the con-
jugate wave vectors, Ak, is the projection of the phase mis-
match Ak on the z axis, xpp and X are the effective linear
susceptibilities for the probe and the conjugate and . and
Xcp are cross-susceptibilities that give rise to FWM process.
The phase mismatch is defined as Ak = 2ko — kj, — k. where
ko is the pump wave vector.

Atomic susceptibilities govern the FWM process and affect
the gains. The dependence of Iy, on HFS and two-photon
detuning is shown in figure 2 and is calculated according to
equations A12—-A20 given in the appendix of [24].The equa-
tions enable the calculation of the stationary values of Iyl as a
function of the relevant experimental parameters: one-photon
detuning, two-photon detuning, ground state HFS, pump laser
Rabi frequencies, and the concentration of the atoms, i.e. the
temperature. The equations are given under the assumption
that Rabi frequencies for both pump transitions in figure 1 are
equal. The probe and conjugate fields are assumed to be weak
and their contribution is kept only to the first order. Since we
want to estimate the influence of ground state HFS of alkali
atoms on the efficiency of FWM we kept all other quantities
constant, except the two-photon detuning. The results show
that the maximum of |x,.l increases as HFS decreases. The
model also predicts that the two-photon detuning 6, corre-
sponding to the maximum |x,l, also decreases, thus both A
schemes are closer to Raman resonance.

Motivated by the above analysis, the present work inves-
tigates the properties of FWM in hot potassium vapor using
the non-degenerate scheme of figure 1 and a co-propagating
geometry of the pump and probe beams. To the best of our
knowledge there are no previous investigations of this kind
in potassium. Exceptionally high gains could make potassium
vapor the preferred medium for relative intensity squeezing
experiments [16] and other applications utilizing highly effi-
cient FWM [3-10]

We have performed the double-A scheme on the D1 line

of K. Level |3> from figure 1 is 4P}, while two lower levels
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Figure 3. Experimental setup. Pump (red) and probe seed (green)
beams are combined at a polarization beam splitter (PBS). They
intersect at a small angle ¢ inside the potassium vapor cell (K-cell)
yielding the conjugate beam (blue) and amplified probe beam
(green) via the FWM process. The probe and the conjugate beams
are detected by two photodiodes (PD). Note that angle between the
conjugate and the probe beams is 2.

|1> and |2> are 451, F = 1 and 4S5, F = 2 respectively. The
simplified scheme of the experimental setup is presented in
figure 3. A single-mode frequency stabilized Ti:Saphire laser
was used in the experiment. It delivers 600 mW at the 770 nm
D1 line of *K and it is used for both the pump and probe
seed beams. The probe seed (/200 W) is obtained by pick-
ing up a small fraction of the pump at the 90:10 beam split-
ter and sending it through the two acousto—optic modulators
(AOMs). The first AOM produces a tunable frequency shift
(170-200 MHz) and it operates in a double-pass configura-
tion. The second AOM has a fixed frequency shift (§0 MHz),
making the overall frequency offset between the pump and
probe seed close to the HFS of the *K ground state. Two-
photon detuning ¢ is scanned by changing the RF frequency
fed to the first AOM.

The pump and the probe seed have mutually orthogonal
linear polarizations. The beams are combined at a polarization
beam splitter and sent through the heated, 50 mm long, natural-
abundance vacuum potassium vapor cell, where they intersect
at a small angle that we change in the range of 2-10 mrad.
Both beams, the pump and the probe seed, are focused at the
intersection and their waists are 1.05 mm and 0.8 mm, respec-
tively. The windows of the cell are Brewster angled and the
cell is rotated to provide the maximal pump transmission
(~95% per window). Since the probe seed is polarized per-
pendicularly to the pump, its transmission is lower (=70% per
window).

After passing through the vapor cell, the pump beam is
rejected by the second polarizing beam splitter. The conjugate
beam (which has the same polarization as the probe seed) and
the amplified probe beam are detected by two photodiodes.

We have investigated the dependence of the probe and the
conjugate gains on two-photon detuning 6 with one-photon
detuning A as a parameter. The § step was 2 MHz. The results
for various values of A are shown in figure 4.

The maximal conjugate gain (G. = 82; peak value in
figure 4(b)) was obtained at A = 700 MHz and 6 = —6 MHz.
The probe gain for the same parameters was G, = 58. The
reason for the maximum gains occurring at a particular A is
the competition of two effects: amplification and absorption
[16, 24]. When A increases, the amplification of the probe
and the conjugate beams decreases, but so does one-photon
absorption. The trade-off is in our case for A = 700 MHz
(figure 4(c)). Since the frequency offset between the probe

and the conjugate beams is ~920 MHz (approximately
double the HFS) and the probe beam is tuned closer to the
resonance, one-photon absorption is stronger for the probe
beam. This is the reason why we observe different G, and G,
for smaller A (figures 4(a) and (b)). At larger A , one-pho-
ton absorption becomes smaller, thus G, and G, get closer
(figure 4(d)), but are rather small due to detuning far from
resonance.

According to our expectations, qualitatively supported by
results in figure 2, we have obtained higher gains than in other
alkali atoms under comparable experimental conditions. For
more detailed theoretical study and quantitative comparison
between experimental and theoretical results one might con-
sider adjusting the theoretical model from [24] for particular
properties of potassium. Unlike rubidium, all the transitions
forming the double-A scheme in potassium are overlapped
due to large Doppler broadening at specified temperatures.
Moreover, one might also consider the geometry and inten-
sity profiles of overlapping laser beams and their spectral
properties.

The dependence of G, and G, on the temperature for vari-
ous values of A is shown in figure 5. For each A on the graph,
we set § to maximize the gains of the probe and the conjugate
beams. As the concentration of potassium atoms increases, the
cross-susceptibilities (xep and xp) also increase [24]. On
the other hand, large susceptibilities lead to large values of the
refractive index and its transverse gradient that cause beam
focusing and beam filamentation [1, 24]. Stars in figure 5
indicate the highest temperatures for particular values of A, above
which these effects prevent the proper measurement of the inten-
sities of the probe and the conjugate beams. At high vapor tem-
peratures and/or pump intensities self-focusing of the probe and
conjugate beams appears gradually, ending up with beam break-
up. As the pump intensity and/or vapor temperature increases the
probe and the conjugate beams become more divergent due to
self-focusing. This makes the beams partially overlapped and
hinders proper measurement of the powers independently.

Varying the temperature and A we have determined that
the values of 7= 140 °C and A = 1500 MHz provide the
highest probe gain, G, = 63 (we found G, = 69 for the same
set of parameters).

The dependence of G, and G, on the mutual angle between
the pump and the probe beam is presented in figure 6(a). While
in rubidium [24] the dependence on this angle has a maximum
at 5 mrad, in potassium it monotonically decreases. This is in
accordance with Glassner et al [19] where, in their configu-
ration of counter-propagating pumps and degenerate FWM,
the probe reflectivity can be considered as an analogue to the
probe gain, since both are affected by atomic susceptibility.

The dependence of the probe and the conjugate gains on
the pump power is shown in figure 6(b). We found that the
lowest pump intensity, at which we were able to detect the
conjugate beam, is about 10W cm~2 corresponding to laser
power of ~100 mW. This, relatively low, laser power can eas-
ily be attained with conventional lasers diodes. We were able
to measure even higher gains (96 for the conjugate, 73 for the
probe) at a pump intensity of 51 W cm™2 but the laser becomes
unstable at high powers.



Laser Phys. Lett. 13 (2016) 015205 B Zlatkovi¢ et al

80 ‘ I 80- ' © A=
(@) (b)
A= 400 MHz PO
60 60
©. 40 . 40
U] Q
20+ ] 20,
0l . . : - 0- - ; : ‘
30 20 10 0 10 20 -30 -20 -10 0 10 20
8 [MHz] & [MHz]
80 ]
© setcomiz] | @ '
60 = 6o/ A=1300 MHz
QG | w-u
o 40 o 40 |
20 ] 20+ |
ol AT . 0! spanaas -/\"—-
-30 -20 10 0 10 20 -30 -20 10 0 10 20
8 [MHz] & [MHz]

Figure 4. The probe (black squares) and the conjugate (red circles) gain curves versus two-photon detuning ¢ in the vicinity of Raman
resonance (6 = 0) at A equal to (a) 400 MHz, (b) 700 MHz, (c) 1000 MHz and (d) 1300 MHz. The pump power was Py = 400 mW and the
probe seed power was Pj, = 200 ;«W. Vapor temperature was kept constant at 120 °C (3 x 10'? atoms cm?), and angle between the pump
and the probe was ¢ = 3 mrad. The lines are to guide the eye.
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Figure 5. Temperature dependence of (a) the probe gain G and (b) the conjugate gain G.. Different colors correspond to the different
values of A (given in the legend). For the given range of the temperature of potassium vapor the number density of the atoms, calculated
according to Ticke [40], is between 3.7 x 10'! atoms cm ™3 (at 90 °C) and 1.7 x 10'3 atoms cm ™3 (at 150 °C). Stars denote the temperatures
at which filamentation and self-focusing of the probe and the conjugate beams occur. Parameters are Py = 400 mW, P;, = 200 uW,
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Figure 6. Dependence of the probe (black squares) and the conjugate (red circles) gain on (a) the angle ¢ between the pump and the probe
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In conclusion, we have observed non-degenerate FWM
in hot potassium vapor at the D1 line using co-propagating
pump and probe beams and a double-A coupling scheme. In
accordance with simple qualitative theoretical considerations,
the obtained gains are among the highest in alkali atoms. This
is due to the high atomic susceptibilities caused by the lowest
ground state HFS in potassium. We expect that the obtained
high gains might find useful application in experiments for
relative intensity squeezing, sub-shot-noise measurements
and other applications requiring efficient FWM.
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We investigate the dynamics of a two-mode laser system by extending the two-mode Tavis-Cummings
model with dissipative channels and incoherent pumping and by applying the mean-field approximation in
the thermodynamic limit. To this end we analytically calculate up to four possible nonequilibrium steady states
(fixed points) and determine the corresponding complex phase diagram. Various possible phases are distinguished
by the actual number of fixed points and their stability. In addition, we apply three time-delayed Pyragas feedback
control schemes. Depending on the time delay and the strength of the control term, this can lead to the stabilization
of unstable fixed points or to the selection of a particular cavity mode that is macroscopically occupied.

DOI: 10.1103/PhysRevA.92.063832

I. INTRODUCTION

Lasers build one of the key technologies in the current
world as their rich dynamical behavior and high degree of
control establish a solid basis for a wide range of applications
[1]. Specifically, time-delayed feedback control [2] can
effectively manipulate short and long time behavior of a laser
system [3]. Typical examples are the control of laser bistability
[4], chaos, and noise [5], as well as the manipulation of the
laser emission [6,7].

A common description of the controlled laser dynamics,
particularly in the case of a quantum dot laser, is based on the
semiclassical rate equations known as the Lang-Kobayashi
model [8]. It provides good agreement with the experiments
if the photon output power is high enough [9]. However,
there exists a more general microscopic quantum treatment
[10,11] which describes successfully the photon statistics of
laser light. It turned out that this microscopic laser theory
also represents an essential ingredient for describing the Bose-
Einstein condensation of photons [ 12], which has been realized
in dye-filled microcavities in a seminal experiment in Bonn
[13] and recently also in London [14]. Both lasing transition
and Bose-Einstein condensation of light may appear in such
systems under appropriate conditions, although the former
reveals nonequilibrium physics, whereas the latter represents
an equilibrium phenomenon. For low cavity losses and above
the external pumping threshold, the modes of the cavity
become thermally populated according to a Bose-Einstein
distribution with the macroscopically occupied lowest mode
[15]. However, for higher cavity losses the system behavior
switches to be laserlike, where one of the excited cavity modes
becomes macroscopically occupied and all thermal properties
are lost [16].

Here we work out a two-mode laser model which allows us
to study under which conditions one of the two cavity modes
becomes macroscopically occupied. To this end we extend
the Tavis-Cummings model and consider N noninteracting
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two-level atoms in a two-mode optical cavity with incoherent
pumping and decay channels. Starting from a quantum master
equation for the density operator, we apply a mean-field
approximation and determine the equations of motion for
the statistical averages of the respective system operators
in the thermodynamic limit. We find an analytical solution
for the steady states and obtain the resulting complex phase
diagram. Under proper conditions, either the lower or the
excited cavity mode can become macroscopically occupied.
Hence, our model can be seen as a minimalistic precursor of the
detailed model of photon condensation [12,16]. In this sense,
the former case could be referred to as condensatelike and the
latter case as a laserlike state of light, although a direct analogy
is not applicable due to the absence of the temperature scale
in our simplified approach. The richness of possible phases
even within this reduced model indicates that the inclusion of
realistic processes, like the thermalization via phonon dressing
of the absorption and emission of the emitters, can potentially
lead to an even larger variety of states.

Additionally, we design different feedback control schemes
to stabilize or to select one of the two radiating modes. The two-
mode laser, also known as two-color laser, with feedback was
already studied both experimentally [17,18] and theoretically
[19]. However, these studies within the Lang-Koboyashi model
were focused on switching between the two modes using a
non-Pyragas feedback type. In contrast to that, we apply here
the Pyragas type of feedback that was originally designed to
prevent chaos by stabilizing an unstable periodic orbit [20]. It
is generally known as a powerful tool to change the stability
of stationary states without modifying them. This is due to the
fact that the feedback control term vanishes in the stationary
state since it is proportional to the difference of the system
observable at two times, t — t and ¢ [21,22].

The paper is structured as follows. In Sec. II we introduce
the underlying model and apply a mean-field approximation
in the thermodynamic limit. In Sec. Il we calculate the fixed
points, investigate their stability, and discuss the resulting
phase diagram. In Sec. IV we suggest several Pyragas feedback
control schemes to stabilize the unstable mode or to select
the mode of interest. Section V contains the summary of the
obtained results with a short outlook.

©2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevA.92.063832

WASSILII KOPYLOV et al.

II. MODEL

We consider N noninteracting two-level atoms inside a
two-mode cavity. The light-atom interaction is assumed to be
of the Jaynes-Cummings type [23]. Thus, the total Hamiltonian
of the system is

Za},a ai + AJ, -G-—X:(HJ+ I Q)

and represents an extension of the Tavis-Cummings (TC)
model [24,25] from one to two modes. Here, we put 4 = 1, and

Zzlﬁ) (i € {1,2}) is a ladder algebra of the first or second cavity
mode with frequency w », where we assume w; < w, without
loss of generality. The collective angular momentum operators
are given by the sums J, = %Zﬁlzl of and J* = Z,i\’:l o
over all Pauli matrices of each two-level atom with energy-
level splitting A. The population inversion of the atomic
ensemble is directly related to J., while its dipole moment can
be expressed in terms of J*. The coupling between the atoms
and the optical mode assumes a rotating wave approximation
(RWA) and has the strength g/+/N that is taken to be the
same for both modes. In spite of RWA, the TC model for
large values of g has its own physical relevance since it can
be experimentally realized in an ingenious setup using Raman
transitions [26,27].

To generate a lasing behavior and the interesting dynamics
we add decay channels and incoherent pumping to the system.
We note in passing that two-mode Jaynes-Cummings models
were studied in the past either with mode degeneracy [28,29]
or without dissipative effects [30], or without pumping of the
atomic system but in the presence of additional driving of
the cavity mode [31,32]. Following Ref. [33], we couple our
system to three different baths. Both cavity fields are damped
by coupling them to a zero-temperature bath of harmonic
modes with the characteristic decay rate «, while the atomic
system radiates into the noncavity modes with a rate y,.
Additionally, the atomic system is incoherently pumped with
a rate y;. Pumping can be formally described as coupling the
atomic system to a bath of inverted harmonic oscillators [34].
All these effects are captured by the following Markovian
master equation of Lindblad type for the density operator p:

dp(t) _
dt

—i[H,p] — kL[&11p — kL[a>]p

N N
Z 615 = 2 Y Lo le. (@)
k= k=1

with the Lindblad operator L[£]p = £T%p + pifx — 2% pxf.
Pumping effectively occurs provided that y; > y,.

The dynamics of the statistical average (A) = Tr(Ap) of
an arbitrary system operator A is described by d(A)/dt =
Tr(Ap). To obtain a closed set of semiclassical equations,
we perform the thermodynamic limit where the number N
of two-level atoms tends to infinity [35-39]. Therefore, we
factorize the averages of an atomic operator A and a light
operator L according to (AL) ~ (A)(L) and rescale them with
the atom number N, denoting the rescaled operator averages
by corresponding symbols without the hat symbol, i.e.,

JE = (J¥)/N, J. = (J.)/N, and a?z = (T) ))/~/N, where
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the asterisk denotes complex conjugation. The resulting mean-
field equations of the two-mode laser model are then

ay =(—k —iwy)a; —igJ™, (3a)
af = (—k +iw)a; +igJt, (3b)
ay = (—k —iwy)a, —igd™, (3¢)
ay = (—k +iwy)as +igJt, (3d)
J==(=Tp —iA)J ™ +2ig(a + a)J., (3e)
JT = (=Tp+iA)J" = 2ig(a} + a})J.,, (3)

J, = Tr(z0 — —iglai + a)J ™,

(g
where we have introduced the abbreviations I'r = 2Tp =
vy + vy and zo = 2(y ﬂ/) Note that J~ = (J*)* and J, is
a real quantity, and by definition, one has —1/2 < zo < 1/2.

In the one-mode limit, the corresponding equations similar
to Egs. (3) represent a common example of a laser model. For

the critical value of g. = {KF“ [1+ Ef‘lFF )2]} , the optical
mode becomes macroscoplcally occupied, i.e., a phase transi-
tion occurs from a nonlasing to a lasing state. In the limit of
vanishing pumping and losses, i.e., ' — 0, — 0, Egs. (3)
describe the quantum phase transition in the Dicke model
with RWA from a normal to a superradiant phase [37,40—43].
Thus, the presence of the two modes and the pumping term
allows the generation of a much more complicated dynamics,
as either of the two modes can be macroscopically occupied.
Moreover, we can influence the dynamical evolution of the
system by applying different Pyragas time delay schemes,
which allows us to stabilize or destabilize the modes and to
select the transition type.

J) +iglal +a3)J~

III. DYNAMICS WITHOUT FEEDBACK

Equations (3) describe the dynamical evolution of the two-
mode system depending on decay rates and pumping strength.
A steady state of these equations can be either a stable fixed
point or an oscillating state, i.e., a limit cycle. In the following
we provide an analytical description of the possible steady
states.

A. Steady states

The system (3) has a trivial fixed point al = a2 (af)’ =
(a3)°=0,(J")° = (/") =0, and J? = z¢, where no cavity
mode is occupied and the atomic ensemble has a stationary
population inversion with zero dipole moment. Due to the
U(1) symmetry of Egs. (3), there also exist nontrivial solutions
that can oscillate in time with some characteristic frequency,
so that the observables, like the mode occupation ajaj, reach
a fixed value. To find such steady-state solutions, we have to
determine the frame where also ag*; and J* reach a fixed value.
Therefore, we switch into a frame rotating with frequency
o, which has to be determined, i.e., we put @; — a;e”**",
af — are'', J* — J*e*' Note that this transformation
shlfts the natural frequencies of both the cavity modes and the
atoms by w, i.e.,

W —>w—w=ws A—>A—-—w=A;, C))
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but does not change the observables like aja;. Setting c‘zﬁ% in
the transformed equations (3a)—(3d) to zero, we can express
these cavity quantities in terms of J*. Next, setting J* to
zero in the transformed equations (3e)—(3f) with the cavity
quantities being eliminated, we find the requirement

0 = JH+28> L [F2 + (w15 + @2,)]
+ (FD + iAs)(K + ia)l,s)(K + in,x)}~ (5)

!
For J* # 0 the previous equation determines the value of the
stationary atomic inversion:

_ (I'p —iA))(k —iw )k — i)
N 2822k —iwyy —iwyy) '

JO

4

Q)

However, since JZO has to be real on physical grounds, its
imaginary part has to be zero. This condition enforces the
characteristic frequency w to solve the equation
Tp(@rs + w2.5)(k* + o1 s @2.5)
+ kA (267 + o] + w3 ) = 0. )
Note that, due to Eq. (4), Eq. (7) is a cubic equation in w and
has up to three real solutions. For each real solution w, the

real part of the expression for J;) in (6) gives the steady-state
expectation value

o _ <+ A} (22 + o+ i)
¢ 2821—1D[4’K2 + (wl,s + wZ,s)z]

The remaining transformed equation (3g) can be solved for
JTJ~ in the steady state, yielding

Lr(z0 = J)) (P +of ) (kK + @3 )
2g%Kk (2/(2 + a)f‘s + a)gs)

®)

I = ©)
Since J*J ™ has to be positive, the obtained steady-state values
are physical iff JZO < zo. If that is the case, the previous
equation fixes J* up to the phase factor. Therefore, we
may choose (J7)" = (J7)" =/(J*J-) as a steady-state
expectation. Finally, the corresponding expressions for a?
and (af)° (i € {1,2}) in terms of (J i)0 follow from their
transformed equations
. ‘17 0
a? — _M (ai*)O —

ig(J*)
K +iwis )

K —iwjg

(10)

With this we have found a complete set of steady-state
solutions for our two-mode model. Each physical solution
for a characteristic frequency w corresponds to a different
nontrivial fixed point. Thus, together with the trivial fixed
point, the laser model possesses up to four different steady-
state configurations, whose stability properties we are going
to study in more detail in the next section.

B. Stability of steady states

First, we investigate the stability of the fixed points. This is
checked as usual by linearizing the mean-field equations (3)
in the rotated frame around the fixed point and by determining
the eigenvalues of the linearized system. An eigenvalue with
a positive (negative) real part would support the solution
divergence (convergence) from (to) the fixed point, which
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FIG. 1. (Color online) The phase diagram shows the total number
of fixed points and the number of stable fixed points in the g-« plane.
For small «, there exist up to four physical fixed points, two of which
are stable. In region (c) all fixed points are unstable. Table I sums
up the main properties of regions (a)—(g). The green color gradient
encodes the mode population ratio n,/n,, where n; = afa;. The
lower part shows the effect of increased pumping. Parameters: w; =
2A w7 =4A,y, = 0.1A,y; = 0.2A (upper),y; = 0.5A (lower).

is then unstable (stable). If not mentioned otherwise, we
choose the following parameter values: w; = 2A, w; = 4A,
Y = OIA, Yy = 0.2A.

Figure 1 shows the main result in the form of a complex
phase diagram in the g—« plane for two different pumping
rates 3 = 0.2A,0.5A, encoding the total number and the
number of stable fixed points. We see that, if the atom-field
coupling is too small, only one trivial solution exists which
corresponds to region (a). By overcoming some critical value
for g, at least one nontrivial solution appears; thus the w,;
and w, modes become macroscopically occupied. For smaller
k rates, we see a rich structure in the phase diagram. One
can have different combinations of possible and stable fixed
points, which are represented by a combination of color and
dashing in Fig. 1. For example, the region (d) has two nontrivial
physical solutions, but only one is stable. Table I provides
the corresponding overview. For larger « and g values, the
phase diagram contains region (c) without any stable fixed
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TABLE 1. Overview of the total number of fixed points #(FP) and
the number of stable fixed points #(SFP) within different regions of
the phase diagram in Fig. 1.

Area @ (b) © (d) © ® (®

#(FP) 1 2 2 3 3 4 4
#(SFP) 1 1 0 1 2 1 2

points. Here the system observables, like the mode occupation,
oscillate with fixed frequency and amplitude; thus a limit
cycle represents the only stable solution in this area. Note
that we have found no stable limit cycles except in region
(c). The coloring in the (b) region shows the ratio n;/n, of
occupation of both modes, where n; = aa;. We observe that
the occupation ratio and thus the dominating mode changes
with the dissipation rate « and the coupling strength g. Note
that in the regions (e) and (g), where we have two stable
fixed points, both ratios n,/n, = 1 for fixed « and g values
exist. Especially in this region one of the modes is much more
occupied and vice versa; thus the emitted radiation comes here
mainly from one mode.

The lower part of Fig. 1 shows the effect of increased
pumping. We see that the region with more than two fixed
points (d)—(g) becomes larger, while the limit cycle region (c)
is shifted to higher « values.

Figure 2 shows the occupation of both modes as a function
of coupling strength g for a fixed value of x = 0.01 A, along the
horizontal gray arrow in the phase diagram of Fig. 1. We plotall
possible stationary solutions including the unstable ones. The
unstable fixed points are dashed, while the occupations, which
belong to the same fixed point, have the same color and the
same thickness. The curves of the second mode are additionally
marked with crosses. We see different types of bifurcations
while increasing g. First, at g = 0.3 A a pitchfork bifurcation
occurs, where the trivial solution becomes unstable and a new

10 stable FP:

py : nq, FP 1
> « WK FP1

g 1| 2 =
N X X —ny,FP2
) 1 N a =X=ny, FP 2
i 0'11 ’ /_,..-——————— unstable FP:

(=] i .
xS 14 - -nq FP2
c 1 Lol A el -X=ny, FP 2
0.01 i ‘—trivialilﬁstable
T T T T T T - nq, FP3
1 2 3 4 5 |x-n.FP3
g/A

FIG. 2. (Color online) All stationary solutions of the mean-field
Eq. (3) for the occupation of both modes (n;,n;) are plotted as a
function of g for fixed « value along the horizontal dashed arrow in
Fig. 1 (upper). The unstable solutions are dashed, the solution set is
marked by the same color and the same thickness. The trivial solution
with zero-mode occupation is always present but unstable beyond a
critical g. Note that all occupations in the plot are shifted by 1072 due
to the log scaling. Parameters: k = 0.01A,w; = 2A,0w, = 4A,y, =
0.1A,y; = 0.2A.
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.0

0.0

n,(0)

FIG. 3. (Color online) Attractionregion of two stable fixed points
from Fig. 2 depending on the initial population of the cavity modes
n1(0) and n,(0). Used parameters: J*(0) = J~(0) = 0.185, J,(0) =
0.076, g =2A, k = 0.01A, w; =2A, w, =4A, y, =0.1A, y; =
0.2A.

stable solution occurs. Afterwards, an additional bifurcation
takes place at g = A, where an unstable solution splits up
from the trivial one and becomes stable at g = 1.5A. Later, at
g = 3.2, a third bifurcation with an unstable solution splits
up. For the used parameter values Eq. (7) has three real roots;
nevertheless at least one of the observables in Egs. (8) and (9)
is unphysical, for instance, a negative mode population n; or
an imaginary JJ~ value. Thus we have only two nontrivial
solutions for g > 1.5A. The two solutions allow the lower
or the upper mode to have a high occupation, respectively.
Note that the solution depends crucially on the chosen initial
condition. Figure 3 shows an example of this behavior where
we vary the initial state of the cavity modes n,(0),7,(0) for a
given initial state of the atomic system. In the light blue area
(diagonal lines) the system converges to the fixed point FP 1,
in the dark blue area (vertical lines), to the fixed point FP 2
from Fig. 2.

In the next section we present different Pyragas feedback
schemes. They allow us to switch between a macroscopic occu-
pation of the two cavity modes irrespective of the chosen initial
condition and also to change further dynamical properties like
the fixed point attraction region of the considered model.

IV. DYNAMICS WITH FEEDBACK

We now demonstrate the impact of time-delayed feedback
control on the system. As a feedback signal we always use
one of the system properties and restrict ourselves only to
Pyragas-type feedback [20]. Therefore, we insert into the
mean-field equations, Egs. (3), an additional control term,
which is conditioned on the difference of a system property at
two different times # — t and ¢, where t represents a time delay
between the signal determination and the feedback into the
system. Due to the rich phase diagram, even without feedback
in Fig. 1, it seems impossible to engineer one feedback scheme
which works in every part of the phase diagram. Hence, we
have to find for each part of the phase diagram a scheme
which produces the desired results, such as mode selection or
stabilization. However, the chosen feedback may not work in
other parts of the phase diagram or will have other influences
onto the system dynamics. In the following, we present three
feedback schemes for different purposes and parts of the
phase diagram, give a possible implementation picture for each
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FIG. 4. (Color online) (left) Pyragas feedback control of J, (11)
stabilizes the nontrivial fixed point in region (c) of phase diagram
Fig. 1. Without feedback the stationary solution is a limit cycle
(gray dotted curves). With feedback the solution converges to a fixed
point (solid curves). Parameters: T = A~', A = 0.4A. (right) Control
diagram in 7-A plane. Vertical scale bar gives the largest real part
of the eigenvalues of the linearized equations. In the blue region the
fixed point becomes stable. Green dots show the boundaries from an
analytical expression [see Eq. (A7)]. Parameters: k = 0.5A, g = 5A,
w) = ZA, Wy = 4A, Y, = OlA, Yy = 0.2A.

scheme, and demonstrate exemplarily their influence onto the
system evolution.

A. Stabilization of fixed points

The phase diagram in Fig. 1 has regions with nontrivial
unstable steady states, which do not attract the solution. If no
stable point exists, the solution oscillates periodically. This
occurs only in the region (c); see gray dotted curve in Fig. 4
(left) obtained using the parameters x = 0.5A, g = 5A. To
stabilize the unstable nontrivial fixed point, we suggest the
following feedback scheme of Pyragas type [20]:

jz - jz — ALt = 1) = J (D] (11)

Thus we modify the population inversion by a difference of the
J; spin component at two different times r — t and 7, where ©
denotes the time delay parameter. Additionally, this difference
is scaled by A. The feedback term in Eq. (11) can be realized,
for instance, by extra pumping of the atomic system or by
opening additional decay channels, depending on the value of
the feedback signal A[J,(t — T) — J,(?)].

The solid lines in Fig. 4 (left) show feedback actions for
a point in the region (c). We see that for ¢ > 1/A, the mode
occupations become constant; thus the fixed point is stabilized
and the feedback signal vanishes. In contrast, without feedback
the oscillations with finite amplitude are always present (gray
dotted line). The right part of Fig. 4 shows the control diagram
[44] in the T —A plane. The color encodes the largest real part of
all existing eigenvalues, obtained from the linearized equation
of motion [21] (see Appendix A 1). The fixed point is stable
if this value is negative, which is the case in the blue area
(Fig. 4, right). For the boundaries (green dots in Fig. 4, right)
an analytical expression can be derived (see Appendix A 1).

B. Selection of the dominantly occupied mode

We now focus on region (e), which features two stable
nontrivial fixed points. The main interest in this region is the
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occupation of the respective cavity modes. In each of both
solutions one mode has a high occupation, whereas the other
one has a low occupation (see Fig. 2). In that way, the light
leaking out from a cavity is generated by mostly one of the
two modes. Without feedback the dominating mode is selected
by the initial condition (see Fig. 3), which is usually hard
to control. Interestingly, we found a feedback scheme which
allows one to select the mode of interest, i.e., to select the
frequency of the radiated light, which was also achieved for a
quantum dot laser in Ref. [19] with a non-Pyragas feedback
type. We argue that our feedback type can switch the system
behavior between a macroscopic occupation of the higher or
the lower cavity mode.

To select the lower mode w; we modify its frequency in
Egs. (3) as

w1 = o1+ Ana(t — 1) — na(1)], (12)

where n, = aja, represents the occupation of the second
mode. This feedback type is also measurement based, as the
mean photon flux is proportional to the mean occupation of
the photonic modes [45,46]. Thus, the frequency of the first
mode has to be changed according to the difference of mean
photon fluxes of the second mode at times r — 7 and ¢.

However, the previous (or similar) feedback scheme does
not work well for selecting the upper mode w;. For that purpose
we modify the feedback scheme according to [47]

a;p = ay = Mar(t — 1) —ar (1)), (13)

which is now a coherent type of feedback, as one can interpret
it as a direct control without measurement [47]. One possible
realization is the back coupling of emitted photons by a mirror,
where the mirror distance fixes the time delay © [48]. This
scheme works for a properly chosen t parameter [21] as,
for instance, T = 27 /w (or multiples of it), where @ denotes
the characteristic frequency of the rotated frame determined
by Eq. (7). This choice guarantees that the feedback term in
Eq. (13) vanishes for ¢ > 1/A.

The action of both feedback types is shown in Fig. 5 for
the system parameters k = 0.005A,g = 2A and the feedback
parameters A = 0.01A, 7 = A~! (upper)orA = A,7 =27/
(lower), where w denotes the rotating frame frequency deter-
mined from Eq. (7). Solid marked curves show the cavity mode
occupations with feedback, dashed curves without feedback.
Both feedback schemes destabilize only one fixed point in
region (e) of Fig. 1; thus the system converges to the other
one. In the top figure we see the action of feedback Eq. (12).
Without the feedback, the excited mode w, has a dominant
population (dashed violet line), whereas with control its
occupation becomes low (violet line with markers) and instead
the ground mode w) (red line with markers) is macroscopically
occupied. The bottom figure shows the opposite behavior.
Instead of the lower mode (red, dashed), the higher mode
is macroscopically occupied (violet line with markers). Note
that both stable steady states exist without feedback in region
(e) of Fig. 1. However, their attraction regions depend on the
initial condition, as is shown without feedback in Fig. 3. We
emphasize that with feedback the selection of modes works
independently of the chosen initial condition for the tested
parameter values.
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FIG. 5. (Color online) Usage of feedback schemes in region (e)
of Fig. 1 for driving the system toward a macroscopic occupation
of the lower (top) or higher cavity mode (bottom). (Top) Feedback
scheme Eq. (12) selects highly populated ground mode (red line
with markers), whereas (bottom) control type Eq. (13) selects highly
populated excited mode (violet line with markers). The inset (bottom)
shows the zoom for small photon numbers. Without feedback the
other modes have a macroscopic population (dashed violet and red
lines in both figures). Parameters: A = 0.01A (top), A = A (bottom),
k =0.005A, g =2A, w; =2A, 0, =4A,y, =0.1A, y; = 0.2A.

Figure 6 shows the control diagram in the 7-A space
with ¥« = 0.005A, g =2A for the feedback type Eq. (12)
obtained from a linear stability analysis. We see that there
are parameter regions where only one of the fixed points
becomes unstable and also where both fixed points become
unstable. In the blue-dotted area the fixed point with n, > n;
becomes unstable, whereas in the green-dashed region another
fixed point with n; 3> n, is destabilized. The boundaries are
calculated analytically (see Appendix A 2). In order to reach
the fixed point with a macroscopic occupation of the lower
cavity mode, we have to choose the parameters in the region
having only blue dots. Fixing the feedback parameter in the
region having only green dashes (arrow in the diagram) should
select the fixed point with a macroscopic population of the
higher cavity mode. However, there are some exceptions. The
fixed point with n, > n; attracts the solution if the initial
condition is rather close to it; otherwise the solution converges
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MA

FIG. 6. (Color online) Stability diagram for Pyragas feedback
type Eq. (12). In the dashed (dotted) region the first (second) fixed
point (FP), related to a macroscopic population of the lower (higher)
cavity mode as in Fig. 2, becomes unstable. Parameters: k = 0.005A,
g =2A, w1 =2A, 0 =4A,y, =0.1A, y; = 0.2A.

to a limit cycle, which appears in this case in the presence of
Pyragas control [22]. Limit cycle solutions are also present in
the parameter area where both fixed points become unstable
due to the time-delayed feedback control.

V. SUMMARY AND OUTLOOK

In this paper we have investigated the mean-field dynamics
of a two-mode laser model based on an extended Tavis-
Cummings model in the thermodynamic limit without and
with time-delayed feedback. The corresponding mean-field
equations can be solved analytically in the steady state. Even
without feedback control this model exhibits a complex phase
diagram with multiple stable fixed points. Our Pyragas feed-
back schemes allow us to drive the system to different phases
by selecting or stabilizing one preferred stationary solution.

We studied also other feedback schemes of the Pyragas
type, but they led to similar results as already shown. However,
especially in phases with a combination of unstable and stable
nontrivial fixed points, it is difficult to design a feedback
scheme which stabilizes or selects one stable configuration
for a wide range of initial conditions. The reason for this is
that the Pyragas control type affects the stability of all fixed
points. For example, the stabilization succeeds only close to the
corresponding fixed point in the sense of the linear stability
analysis. Farther away from the fixed point, we have often
observed the appearance of limit cycles with large attraction
regions or even chaotic solutions, which is a known feature
in laser systems with feedback [49] and also occurs for other
nonlinear dynamical systems with time delay [50-53].

Since our calculations were done at a semiclassical level
by restricting ourselves to first-order cumulants, we expect
that the results should hold in the thermodynamic limit,
where the number N of two-level atoms tends to infinity.
On the one hand, the fluctuations scale like 1/ VN with
the number of atoms N [34]. On the other hand, the laser
dynamics or a condensation is usually studied at this level.
Furthermore, the semiclassical regime of the quantum-optical
models like Dicke [54] or Lipkin-Meshkov-Glick [55] predicts
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correctly their main properties, like observable averages or
the occurrence of a quantum phase transition [37,39,56].
However, going beyond the factorization assumption could
be performed by including higher-order cumulants, e.g., by
using the Gaussian approximation, which involves first- and
second-order cumulants [36,38,57].

It would be certainly interesting to analyze the impact
of control on the quantum fluctuations. This could be
investigated with other approaches to feedback [58,59], which
usually requires a high numerical effort. In this respect a
promising feedback scheme was introduced in Refs. [60]
and [61], which allows one to control the entanglement and
light bunching by structured environment and converges to a
Pyragas control type in the one excitation limit. However, the
general quantum version of Pyragas control type remains an
unsolved question. A new, conceptually significant approach
has been recently introduced in Ref. [62], although it appears
to be numerically demanding.

Finally, we note that it would be worthwhile to extend
our two-mode laser model with the thermalization mechanism
along the lines of Refs. [12] and [16]. This would yield a
minimal model to study the transition between a condensate-
like and a laserlike state, which originate from a macroscopic
occupation of the lower and higher cavity mode, respectively.
Adding Pyragas feedback control terms as suggested here
should thus allow one to switch the system behavior between

condensatelike and laserlike.
|

—iw s — K 0 0 0

0 oy —k 0 0

0 0 —iwyg — K 0
A= 0 0 0 iwy s — K
0 —2igJ? 0 —2igJ?

2igJ? 0 2igJ? 0
—ig(IM? g —ig(@M)?  ig(J7)

B =1-(0,0,0,0,0,0,1)" ® (0,0,0,0,0,0,1).

The stability condition is then [21]

0=det[(A— B)— B-e " — Al]. (A2)

The fixed point is stable if all possible solutions for A
have a negative real part. From Eq. (A2) the equation for
phase boundaries can be obtained as follows. At the phase
boundaries, A has a vanishing real part. Thus, by replacing
A — iQ (22 € R)in Eq. (A2) and calculating the determinant,
we obtain

6 7
0=e7">"c;A;Q +) ¢; B, (A3)
Jj=0 Jj=0
)1, jeven,
¢ = {i, j odd, (A4)
where A;, B;, i € {1,2,....7} are real coefficients which

depend on the system parameters both explicitly and implicitly
via the fixed point solution, and on the feedback strength
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APPENDIX

In the following we show how to determine the boundary
condition in the stability diagrams Fig. 4 (right) and of Fig. 6 in
the presence of time-delayed Pyragas feedback control terms
Eq. (11) and Eq. (12), respectively.

1. Stabilization of fixed points
Linearizing the equation of motion (3) together with the
feedback condition Eq. (11) we obtain the equation

8V(t) = ASV(t) + B 8v(t — 1), (A1)

where v = (a1,af,az,a;, J*,J7,J,), 8v gives a deviation from
the fixed point v determined via the procedure given in
Sec. IIT A, and we have introduced the matrices

0 —ig 0

ig 0 0

0 —ig 0

ig 0 0 ,
iA—Tp 0 —2ig((a})" + (a3)°)

0 —iAy—Tp 2ig(a) + al)

—ig(a) +a3) ig((@) +(@3)" —T'r

(

A. However, the corresponding expressions are too long for
showing them here.

Splitting the equation into real and imaginary parts, we
obtain the following two equations:

0 = Cy + Cy cos(R27) + Cs sin(27),

(AS)
0 = C4 + C; cos(R21) — C, sin(Q271),
where
C) = By + B,Q% + B4Q* + B¢Q°,
Cy = Ag + Ay Q% + A,Q* + AQS,
(A6)

Cs = A1+ A3 + A5,

Cs = BiQ2+ B3 + BsQ’ + B,
Squaring and summing Eqs. (A5), we can eliminate the t
dependence and obtain a 14th-order polynomial equation in

Q. This provides up to 14 solutions for €2, but only two of
them turn out to be real. Next, we sum both of the Egs. (AS)
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together in a suitable way in order to eliminate the sin term.
The resulting equation can then be solved for 7 as

1 C3Cy4+C1Cy 2w
T=_—arccos | ——5——>— |+ =2, Z€ Z.
Q G +Cj

Q
This yields the boundaries in Fig. 4 (right), which perfectly
agree with the corresponding numerical calculations. Two
valid solutions for € build the [ J-shaped structure in the
diagram, whereas z is responsible for its periodic structure.

(A7)

2. Selecting the fixed point

The procedure is similar to Appendix A 1, but the feedback
condition is given now by Eq. (12). The matrix B is then
redefined as

0 0 (a;)oalo (af)oalo 0 0 O
0 0 —a’a})’ —-a’@)” 0 0 0
0 0 0 0 0 0 0
B=—ixl0 0 0 0 0 0 0
0 0 0 0 0 0 O
0 0 0 0 0 0 O
0 0 0 0 0 0 O

The further procedure is the same. First we calculate the
determinant Eq. (A2) and write it in a similar form as

PHYSICAL REVIEW A 92, 063832 (2015)

Eq. (A3):
4 7
0=e7Y ;A0 + 3 ;B9 (A8)
j=0 j=0
1, Jjeven,
¢j= {i, Jodd. (A9)

As the parameters A j,Ej are real, Eq. (A8) can be split into
real and imaginary parts, which yields

0= C; + €, cos(Q1) + C; sin(Q1),

. . . (A10)
0= C4+ Cscos(27) — C sin(R27),
where
C\ = By + ByQ* + B4Q* + BsQ°,
Cy = Ag + A% + A,Q4,
(A11)

Cy = A1Q+ AsQ°,
Cs = BiQ+ B3Q° + Bs® + B,Q.
From the upper equations one can then eliminate the t
dependence to determine possible 2 values. With this t can

be calculated as in Eq. (A7), but C; is then replaced by C;. The
resulting (£2,7) combinations are the boundaries in Fig. 6.
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In the Hilbert space formulation of quantum mechanics, ideal measurements of physical variables are discussed
using the spectral theory of Hermitian operators and the corresponding projector-valued measures (PVMs).
However, more general types of measurements require the treatment in terms of positive-operator-valued measures
(POVMs). In the Hamiltonian formulation of quantum mechanics, canonical coordinates are related to PVM. In
this paper the results of an analysis of various aspects of applications of POVMs in the Hamiltonian formulation
are reported. Several properties of state parameters and quantum observables given by POVMs or represented
in an overcomplete basis, including the general Hamiltonian treatment of the Neumark extension, are presented.
An analysis of the phase operator, given by the corresponding POVMs, in the Hilbert space and the Hamiltonian

frameworks is also given.

DOI: 10.1103/PhysRevA.91.062114

I. INTRODUCTION

The Hamiltonian formulation of quantum mechanics
(HQM) [1-4] provides an alternative mathematical formu-
lation that is equivalent to the more standard one based on
Hilbert spaces and has proven to be useful in discussing
such issues as nonlinear constraints [5,6] the geometry of
entanglement [2], the classical limit [7,8], hybrid quantum-
classical systems [9-11], and nonlinear and stochastic gen-
eralizations of quantum mechanics (QM) [1,2,12]. In the
Hamiltonian formulation quantum pure states are repre-
sented by points of an appropriate smooth manifold M
and the quantum dynamics is represented by a Hamiltonian
flow on M. In order to formulate probabilistic aspects of
QM and in particular describe ideal measurements in the
sense of von Neumann, the manifold M is equipped with
a Riemannian metric. Standard postulates of QM about
states, observables, and dynamics are formulated in terms
of notions associated directly with a Hamiltonian dynamical
system on M, without any reference to the Hilbert space
formulation.

An ideal measurement of a quantum observable, repre-
sented in the von Neumann scheme by a Hermitian operator
and its spectral projector-valued measure (PVM), is in the
Hamiltonian framework formulated using quadratic functions
of canonical coordinates on M, their critical values and
critical points, and the Riemannian metric on M. However,
there are legitimate questions that can be asked about the
preparation of a quantum system that cannot be cast into the
von Neumann ideal measurement conception [13—15]. Data
about the system can be collected that cannot be obtained as
eigenvalues of an appropriate self-adjoined operator. On the
other hand, such sets of data do satisfy certain conditions, such
as covariance with respect to some natural transformations
[13,14], which justify association of such data with certain
physical quantities. Important examples of such data sets,
like those related to polarization or the phase of quantum
motion, are conveniently described by positive-operator-
valued measures (POVMs) instead of PVMs. Another instance
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where the use of POVMs appears most naturally is in the
context of approximate or indirect measurements or joined
measurements of canonically related observables. It is our goal
to formulate and analyze important properties of POVMs in the
framework of the Hamiltonian formulation and thus prepare
the way for the Hamiltonian formulation of the generalized
measurement.

The paper is organized as follows. In the next section we
provide a brief presentation of the Hamiltonian formulation
of QM, insisting on its independence from the Hilbert space
formulation. Section III is devoted to an abstract treatment
in the framework of the Hamiltonian formulation of var-
ious questions related to the use of the POVM, with all
considerations restricted to a finite-dimensional state space.
In particular, we discuss in detail the kinematical and the
dynamical aspects of the Hamiltonian analog of the Neumark
extension fora POVM. In Sec. IV we treat in detail the example
of a POVM corresponding to the phase of quantum motion.
The Neumark extension of the phase POVM in the Hilbert
space formulation is derived and the corresponding Hamil-
tonian formulation is presented. Section V provides a brief
summary.

II. BASICS OF THE HAMILTONIAN FORMULATION

The Hamiltonian formulation of quantum mechanics is
formally rather similar to the standard theory of Hamiltonian
dynamical systems as it is used in classical mechanics [16].
The additional features are related to the statistical properties
of quantum systems. Pure states of a quantum system are
in the HQM mathematically represented by points of a
smooth manifold with Kahler structure (M,G,2,J), where
M is a smooth manifold admitting a Riemannian G and
symplectic Q2 structures and J is a map on the tangent
space T M satisfying G(X,Y) = Q(X,JY). One refers to
(M,G,2,J) as the quantum phase space. In fact, in the
case of systems with a finite N-dimensional Hilbert space
HVN, the Hamiltonian formulation is given using M = R2N
with the standard Riemannian, symplectic, and complex
structures. On the other hand, phase spaces for systems with
infinite-dimensional Hilbert spaces can be considered as direct
sums of an even number of real infinite-dimensional vector

©2015 American Physical Society
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spaces. In this and the next section we restrict our attention
to the finite-dimensional cases. In any case, a pure quantum
state is represented by an equivalence class of points in M.
Nevertheless, we almost always refer to the points of M as the
quantum states neglecting the fact that many points correspond
to physically the same quantum pure state.

The symplectic two-form €2 associates a Hamiltonian
vector field X ; with a sufficiently smooth function f on M
by the formula

QX, X y) = df (X), M

where X is a vector field on M. Thus, any smooth function
generates a symplectic transformation. The symplectic struc-
ture also defines a Poisson bracket between smooth functions
fand g on M,

{f.8} =Xy, X,), 2
where X 7, X, are Hamiltonian vector fields corresponding to
f.g.

The Euclidian space R?M admits global canonical co-
ordinates (q,p) = {qi,pj;i,j =1,2,...,N}, which satisfy
{gi.pj} = 6ij and {q;,q;} = {pi,pj} = 0. In the classical me-
chanical application of Hamiltonian dynamics any real smooth
function of (g, p) represents a physical variable. Quantum
mechanics is characterized also by the metric structure and
therefore the set of physical variables of a quantum system,
defined as generators of transformations that preserve the
typical structures 2 and G, is different: Only real quadratic
functions of the form

N
f@.p) =Y fMaiq; + pip) + fRap;. ()
ij
where fl} are real symmetric and fj are real antisymmetric,
are assumed to be related to quantum physical observables.
The most important property of such quadratic functions is
that the corresponding Hamiltonian vector fields generate
symplectic maps that preserve the Riemannian structure. Thus,
the physical variables generate transformations that preserve
the two constituting structures of the quantum phase space
(M,G,2,J). 1t is important to stress that, contrary to the
case of classical mechanics, not all values of a function (3)
representing a physical variable can be obtained as a result
of quantum measurements of this physical variable. Possible
results of measurements in the Hamiltonian formulation will
be discusses shortly.
It is convenient to introduce the set of complex coefficients
771, such that

N
f@.p)=>_ fi(a? +p}) + flaip;

i

N
= 3" Tinlq — i) + ipm). @)
Im
Obviously, one has
Rem;; = f}, Imm; = —f;/2. %)

In fact, m;,, form an N x N Hermitian matrix, so there is a
Hermitian operator F on a Hilbert space H" and a proper
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basis |¢;), [ = 1,2, ...,N, such that
Tim = (et Flew). (6)

Here the Hermitian scalar product between two vectors
(W1 |2) is related to the metric and symplectic structures on
M by (Y1) = G(¥1,¥2)/2 + iQ2Y1,v2)/2, where on the
right-hand side we identified R>" with its tangent space.

Using the proper basis |¢;), one associates a Hilbert space
vector |y,,) € HY with the point m € R?N parametrized
by the canonical coordinates values {q; = m;,p; = m;n;1 =
1,2, ...,N}. The relation is

N
W) = (@ +ip)ler). @
1
The operator F in (6) is given in terms of this proper basis by
N
F=Y"mjle)e)| (®)
ij

and the quadratic function

F(g.p) = (wqp|ﬁ|wqp> )

is to be interpreted as the quantum expectation of the
quantum observable F in the state [4p). The Poisson bracket
between two quadratic functions F; and F; is related to the
quadratic function corresponding to the commutator between
the corresponding operators £ and F»:

1 A A
7(1//|[F17F2]|¢’) = {F1, R}, (10)

where, as before, F;(y) = (Y| E|¥).

The kinematic part of the Hamiltonian formulation of QM
will be referred to as the quantum phase-space formulation.
The dynamics of a quantum system is in the HQM given by
the abstract Hamiltonian equations

m = Xy(m), (11)

where m € M and Xy is the Hamiltonian vector field
corresponding to the function H(m) = (v, |H |¥,,), where H
is the Hamiltonian of the system. In the complex space the
corresponding equation is the Schrédinger equation

ihly () = Ay (). (12)
In canonical coordinates Eq. (11) is
. dH(q.p)
¢ = {H(q,p).qi} = “op
8Hl( ) (13)
pi = (H(q.p).pi} = ——ajf” . i=12,....N.

Information about the state of a quantum system is obtained
by performing operations with the considered systems and
possibly additional systems. A quite restricted class of such
operations is the ideal measurements in the sense of von
Neumann. In the Hilbert space formulation, the data collected
by such a measurement involve spectral decomposition of an
appropriate Hermitian operator, i.e., involve an appropriate
PVM. In the Hamiltonian formulation of quantum mechanics,
the data collected by such measurements involve only the
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functions of the form (9) and the Riemannian structure G.
A full description of the von Neumann measurement of
an observable with a possibly degenerate and continuous
spectrum in the Hamiltonian framework is discussed in [1].
As an illustration, we recapitulate the case of an observable
with a discrete nondegenerate spectrum. Possible results of
a measurement from this class are exhausted by the critical
values of a function of the form (9). We denote these critical
values and the corresponding critical points from R%Y by Fy ;,
i =1,2,...,N,and X ;, respectively. For the system in a state
My = (qin, pin) the probability of the measurement result Fj ;
is given by G(m;,, X r ;), where X ¢ ; is the ith critical point of
F. In terms of the quadratic function (9), the possible results
of an F' measurement are obtained by diagonalization of the
Hermitian matrix 77{; . Spectral decomposition of the operator
F' corresponds to the harmonic-oscillator representation of
the quadratic function f(q',p") = Y, 7/ (¢/* + p?), where
the sum goes over distinct eigenvalues nlf of the matrix ”i;
and {g/, p;} denote here the real and imaginary parts of the
eigenvalues of F. The transformation from (g, p) to (¢’,p’)
coordinates is of course canonical and isometric.

However, the most general class of quantum operations that
can be used to obtain information about a quantum state is in
the Hilbert space formulation described by POVMs [14,15].
A description of such a generalized measurement process
in terms of a POVM involves two important mathematical
properties of POVMs. (i) For all purposes related to quantum
information processing, a POVM can always be given in
terms of an overcomplete basis (Davis theorem [15,17]). (ii) A
POVM can be obtained by projecting a PVM acting in a larger
Hilbert space (Neumark theorem [15,18]). The Hamiltonian
formulation of these properties of POVMs is the topic of this

paper.

III. POSITIVE-OPERATOR-VALUED MEASURES AND
FUNCTIONS REPRESENTING PHYSICAL VARIABLES

Consider an overcomplete set of vectors {|b;),i € I} where
the index i can be discretei = 1,2, ...,M > N or continuous.
It is sometimes convenient to use a multidimensional or com-
plex index set I, for example, in the case of ordinary coherent
states. The one-dimensional (1D) projectors |b;)(b;| are not
mutually orthogonal. Such an overcomplete set provides a
POVM {B; = |b;)(b;|,i € I}. Such a POVM can be used,
instead of a PVM, to define a Hermitian operator or to represent
a Hermitian operator as a function of the corresponding 2M
noncanonical variables. Furthermore, there is a Hilbert space
H,aPVM {P;}, and a projector I1,H — 'H, such thata POVM
{B;} is given by B; = I1P;I1. We analyze the formulation and
consequences of these facts in the Hamiltonian framework
of QM. In the abstract treatment of this section we restrict
our attention to the case when the index i, enumerating the
vectors of the overcomplete basis, is discrete and finite. The
case when the index enumerating the overcomplete basis is
real and continuous but bounded will be treated in detail in
the next section using the example of a POVM associated
with the quantum phase. Another common example of an
overcomplete basis and the corresponding POVM with an
interesting Hamiltonian formulation, which, however, will
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not be treated here, is provided by the coherent states of
a single linear harmonic oscillator on L,(R). The index set
here is the complex plane C. The Neumark extension of this
POVM is the PVM given by the multiplication operator on the
Hilbert space L,(R?). The Hamiltonian formulations of the
original and the extended system with constraints both involve
infinite-dimensional Hamiltonian systems.

A. Positive-operator-valued measures as a set of
dependent coordinates

A set of canonical coordinates (g, p) is uniquely related to
a basis of mutually orthogonal vectors, i.e., with a PVM. On
the other hand, an overcomplete basis {|b;)} with the index
J continuous or discrete with maxj = M > N can be used
to associate with each vector in the 2N-dimensional space a
set of 2M > 2N real numbers. Thus, the overcomplete basis
provides 2M parameters to characterize the points from RV .
Obviously, the values of these parameters on R* cannot be
linearly independent.

Consider a set of vectors B = {|b j)}ﬁ!”: . (M = N) generat-

ing a resolution of unity in H",
M
> k)bl =Ty. (14)
=1

The set 5 could be a proper basis (M = N) where the vectors
are necessarily mutually orthogonal, but could also be an
overcomplete basis (M > N), when at least two of the vectors
are not orthogonal. In any case, a (normalized) state |1) from
the Hilbert space H" can be expanded, using (14), as

M M
V) =D _cilby) =) _(a; +ip)/V2hie)).  (15)
j=1

j=1

with real g; and p;. Coefficients (g, p;) are uniquely defined
if and only if the vectors |b;) form a proper basis. On the other
hand, if the resolution of unity (14) is overcomplete, i.e., if
some of the |b;) are not mutually orthogonal, the coefficients
(gj,p;) satisfying (15) are not unique, but any such set of 2M
coefficients satisfies the relations

i =Y _qjRe(bilb;) — p;Im{b;|b;),
J

(16)
J

Obviously, if the basis 3 is proper then Eq. (16) are reduced to
trivial identities and the explicit expressions for the coefficients
are

g =Re(bj|¥), p;=Im{b;|y). (17

However, if the basis is overcomplete the relations are
nontrivial and express the nonuniqueness of the expansion
(15). The general explicit form of the coefficients in this case
is given later in (22).

The coordinate form of the abstract Schrodinger equation
(12) or equivalently of the abstract Hamilton equations (11),
corresponding to the general set B3 satisfying (14), is equivalent
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to the set of equations

c.[a]_[oH/op
Slp] ~ [-oH/0q ]
where the vectors of coordinates are given by g¢q =

(91, ...,qu]" and p={[p1,....pu]", while H(q,p)=
(Yg.p|H Yy, p). The Gram matrix of the set B can be cast

into the real form
_|lg -=m
Gs = |:71’ g i|

where matrices g and & have the elements g;x = Re(b;|b;)
and ;. = Im(b;|by), respectively. If B is a proper basis (M =
N), then Gp becomes an identity matrix of dimension 2N
and Eq. (18) assumes the form of the Hamilton equations in a

canonical basis
q| | 0H/dp
[p} - [—aH/aq}' (20)

Consider now the case when the set B is overcomplete (M >
N). Due to the overcompleteness of the basis B, there are M —
N nontrivial zero-valued complex linear combinations of basis
vectors or equivalently 2(M — N) real linear combinations

x® —y®
Gg y(k) =0, Ggp o) =0, k=1,....M —N,

21
where x® = [ and y® = [y, YT are
M — N independent solutions of (21). Thus, the general form
of the (¢}, p;) coefficients satisfying (15) is

M-N
q | _ |Re(dly) x® —y®
M - [Im(bim + ; Gl yo | The] fw | ) @2
The matrix Gp is singular and Eq. (18) cannot be cast into
the canonical form of Hamiltonian equations. The parameters

{q;,p;} do not form a set of canonical coordinates on R*V. In
fact, (18) has the equivalent form

M—N
q|_ ~-n| 0H/dp x® —y®

(23)

(18)

(19)

k k
x$ ), . ,xg,,)]T

where A, and p; are arbitrary real numbers and Ggl) is
the Moore-Penrose pseudoinverse. The terms in (23) under
the sum do not influence the evolution of the state [i). In
anticipation of the Hamiltonian treatment, in the next section
the numbers A; and p; can be considered as corresponding
to the gauge degrees of freedom. Fixing their values would
give additional 2(M — N) constraints and yield one possible
solution. For example, the natural gauge could be A, = 0 and
ur=0fork=1,... M — N.

B. Hamiltonian formulation of the Neumark extension

We shall first briefly recapitulate the Hilbert space formu-
lation of the Neumark extension, introducing the appropriate
notation at the same time. It will then be demonstrated that the
Hamiltonian description of the relation between the Neumark
extension and the original system is in fact given in terms of a
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reduction of the Hamiltonian systems with primary constraints.
i.e., with gauge degrees of freedom.

Let {|ek)},]{\’=1 be a proper orthonormal basis of H". Then
one has

N
b)) =Y Bijlex), j=1,....M, (24)
k=1
with B; = (ex|b;). Using (14) we get the relations
M M
D BuBi; =D lexlbi)(bjlew) = (exlew) = Six. (25
j=1 j=1
The relation means that we have a set {b; =
[Bris--- ,,3/(1\/1]T},1<V=l of N orthonormal vectors from
CM. We can choose M — N auxiliary vectors {by 1, ...,by}

such that {b;}!” | is an orthonormal basis of CM. Now let us
consider an enlarged Hilbert space

H" =H" @ H*, (26)
where H+ = S({lex)}i_ ) with orthonormal auxiliary basis
states {|€k)};1(u:N+1 and S denoting the span. The states {|B;) =

ZQ; ﬂki|ek>}§4: , are also orthonormal. Hence, an arbitrary
normalized state |¥) € HM has the unique expansion

M
W) =D (Q; +iP)/V2NIB)), 27)

j=1
withreal Q; and P; that can be regarded as a pair of canonical

coordinates on the extended phase space R?Y. Define the
projector operator by

[ley) = lex), k=1,...,N (28a)
Mle,) =0, k=N+1,...,M. (28b)
This leads to
M|B;) = |b)) (29)
and
M
W) =Y (Q; +iP)/vV2h|b;). (30)

J=1

which is of the same form as (15). In other words, the PVM
given by the proper basis {|B;)} in HM is the Neumark
extension of the POVM given on H" by {|b;)}).

Strictly speaking, the Neumark theorem is not concerned
with the dynamics, i.e., Hamiltonians, on H" versus that on
HM . Nevertheless, it is natural to require that H on H" and
the corresponding H,, on HM satisfy the following condition:
All states from HM that are projected onto the same state
[¥(t9)) in H" evolve during t — #y into the states that are
all projected onto the same state |y (¢)). This is the case
if

H,, =T"HII. (31)

In anticipation of the Hamiltonian formulation, expectation
values of H,, in |W) and H in [y) = [1|¥) are related
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by

H. (Q,P) = (Wy p|H.|Wo p)

= > (Q; —iP)(Qj +iPy)(B;|l1 HI1|B;)
JJ’

=Y (Q; —iP)(Qj +iP;)b;|HIbj)
JJ'

= H(Q;,P)), (32)

where (Q,P) in H,(Q,P) and in H(Q,P) are the same
numbers but are treated as values of independent coordinates
on R?*M or dependent parameters on R*", respectively.

We now present the phase-space formulation of the Neu-
mark extension. Consider the space R*M as a symplectic man-
ifold of a Hamiltonian system with the canonical coordinates
denoted by {(Q;,P;); j = 1,2, ...,M}. Thenatural conditions
(ex|W(t)) =0 for k=N+1,...,M are implemented as
constraints on the phase space R?Y . Explicitly, the 2(M — N)
constraints are

M

> (B8 - BLP) =0,

j=1

o (Q.P) = (33a)

M
m(Q.P)=) (B;Q;+B5P) =0,  (33b)
j=1

where B8 = Refy; and B, =
the P01sson brackets

Impy;. The constraints satisfy

M
{pe.melo.r =Re Y BhiBij = e (34a)

Jj=1

M
(bedeo.r = (imtor =Im Y Bf By =0. (34b)

j=1
In the general case of arbitrary constraints, the constrained
manifold need not be symplectic and need not support a Hamil-
tonian system. However, in our case (33), the matrix of Poisson
brackets between the constraints (34) is nonsingular, i.e., the
constraints are primary, and therefore the manifold determined
by the constraints is also symplectic. The symplectic structure
on the constrained manifold is given by the Dirac-Poisson

bracket on R?Y [19,20],

2(M—N)
U, Blwer = LA, flwew + ¢ Y {F filrew
X {FmaFn}Ele{Fmva}RZM’ (35)

where fi, f> are functions on the constrained manifold, the
symbols F,,F,,,m,n =1,2,...,2(M — N) denote the con-
straints (33), and the Poisson brackets on the right-hand side
are the canonical brackets on R** . The general formula (35)
in the notation (33) assumes the explicit form

A (0 0f  8f of
Ui Pl = Ufis fodor — kz% (%S_M _ 87}(8_@)_

(36)
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Consider now the relation between the Hamiltonian func-
tion H(Q, P) as a function of the dependent parameters on
R?V, ie., as the Hamiltonian of the system given on R?",
and the Hamiltonian system on R?Y with the Hamiltonian
H(Q,P) [where (Q, P) are now independent and canonical
on R?M] with imposed constraints (33). In the case of
general constraints they can be incorporated into the dynamics
using the standard Dirac approach [19,20]. Namely, the total
Hamilton function has the form

M

Hr = H + Z (Drhe — T pik),

k=N+1 (37)

M
Hy = H+ Z (Prdm,

k=N+1

H}o.p —mi{de.HYo,p),

where the appropriate Lagrange multipliers Ay, ux have been
determined from the compatibility conditions and using (34).
However, if the constraints are such that the constrained
manifold is symplectic, as they are in our case, then the
general procedure of constructing the Hamiltonian on the
constrained manifold can be bypassed. In fact, in this case
the Hamiltonian of the system on the constrained manifold is
simply obtained as a restriction of the Hamiltonian on R** on
the constrained manifold R?V. This is precisely the relation
between the expectation values of the Hamiltonian operators
(32) introduced within the treatment of the Neumark extension.
What has been demonstrated is that the 2M real state
parameters {Q;,P;;j =1,2,...,M} given by the POVM,
i.e., by the overcomplete set {|b;)(b;|;j =1,2,...,2M} in
H", can be considered as parameters on R?V or equivalently
as canonical coordinates of an extended Hamiltonian system
on R?Y with imposed primary constraints. We see that
the overcomplete description given by a POVM involves
in the Hamiltonian formulation the existence of constraints,
i.e., the gauge degrees of freedom, and the corresponding
reduction of an extended Hamiltonian system. This is yet
another example of the insights into the quantum-mechanical
formalism provided by the Hamiltonian formulation.

C. Functions associated with POVMs

In this section we derive several simple but useful formulas.

1. Functions corresponding to PVMs or POVMs

As before, B={|by);k=1,2,...,M > N} denotes an
arbitrary set of vectors, with the corresponding set of 1D
projectors (P = |bi) (b} Using another set B’ = {|b});] =
1,2,...,M’ > N}, with the corresponding set { P, = b)) (b1}
that satlsﬁes (14), each of the projectors |by) (b | is associated
with a quadratic function of the parameters (g;, p;) provided by
B'. Thus, corresponding to the set { P} is the set of quadratic
functions

w
Pq'.p") =Y wh(a) — ip))ay, +ip),), (38a)
Im
where
mk = )| Bbl), k=1.2,....M. (38b)
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It is our goal to obtain explicit conditions that distinguish the
sets of coefficients 7} in (38), given by BB and B’ representing
a PVM and/or a POVM. In this setup, N is the dimension
of the Hilbert space, M > N is the number of vectors in the
set B whose properties such as the resolution of unity and
orthogonality are to be studied, and M’ > N is the number of
vectors in the complete (or overcomplete) set 3 that is used
to associate functions with projectors from the set 5.

If the set of functions (38) corresponds to either a PVM
or a POVM, an analog of the condition (14) must be satisfied
by the coefficients nlkm. Furthermore, if the set corresponds
to a PVM, then the condition of mutual orthogonality of the
in]:/olved projectors has its analog in terms of the coefficients
Tl

2. Resolution of unity in terms of n,"m coefficients

Consider the scalar product (b;|b;,) between arbitrary two-
vectors from B'. The condition (14) on B would imply

M
(b)) = (b]] Zmb’ = > (bj|Blby,)
k

= Zn,’jn, Im=12,....M. (39)
k

Thus, if B is complete, then

Z :T[lm -

Obviously, if the coordinates (g;, p;) in the set of functions
(38) are associated with an orthogonal (and complete) basis,
then

BIb.y, Lm=12,... .M. (40)

M
an]jn = 5lm- (41)
k

It is equally simple to show that if (40) is true, then the set
B satisfies (14). This follows from the equalities in the reverse
order of (39) and from the fact that if an operator has all matrix
elements between vectors from a complete (or overcomplete)
set equal to zero, then it is the zero operator, i.e., it annihilates
each vector from the Hilbert space. Thus, the set of functions
given by (38) satisfies (40) if and only if the set of projectors
(P = |b)(bel; k=12, ...,M > N} generates a resolution
of unity (14).

3. Orthogonality of two projectors in terms of Jr,"m coefficients

The orthogonality of projectors P and Py is equivalent to
PP = S0 P (42)

Using arbitrary set B’ satisfying (14), the condition (42)

implies the following conditions on all pairs of coefficients
koK.

Trlm ’nlm'

p
> wfmh = Swrh, LU =12,... . M;
1
(43)
ki =12,....M
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Observe that the two conditions (43) and (40) are based only
on the assumption that |/) = Z;W(q,’ + ip))|b;), which is true
since B’ satisfies (14).

The two criteria (43) and (40) taken together imply that
the set of functions P* = Z;Wm nf (q —ip)) g, +ip),), k =
1,2,...,M, represents a PVM if all pairs nl’i}l,nl/ifl (ki,ky =
1,2,...,M) correspond to orthogonal projectors, i.e., satisfy
(43), and if the condition (40) is satisfied. If only the condition
(40) is satisfied but there is a pair of 7%, 7% violating (43),
then the set of functions corresponds to a POVM. Furthermore,
the parameters appearing as the arguments in the considered
functions are canonical, i.e., the basis is proper orthonormal if
(41) is satisfied.

Let us also briefly discuss the notion of orthogonality of
the quadratic functions representing observables in a proper
basis. Consider two operators A, and A,. The operators are
orthogonal if

Tr[AA>] = 0. (44)

In terms of the coefficients 711.’} in the quadratic functions

corresponding to A, A, the previous condition is written as

N
Tr{A 1 Ay] = Z(ai|AlA2|ai)

i

N
= (ailAla])(a]| Asla;)

= Zn”/n, =0. (45)

Thus, it makes sense to call two quadratic functions of the
form (9) orthogonal if

anl Tji = (46)

The condition (46) supplies us with the notion of orthogonality
between two quadratic functions solely in terms of these
functions, with no reference to the analogous Hilbert space
formulation.

An alternative criterion for orthogonality of two 1D
projectors in terms of the associated quadratic function, i.e., in
terms of 77,72, is obtained from the fact that orthogonal 1D

[j ’ lj s
projectors commute and the relation (10). In fact,

<[ﬁuaﬁv]> =
=iy (arley)leula)acle,) (eylar)
ij
x [=ilpiq;} — ilgi,pj)]

=2 Zn” ). (47)

Ifthe two 1D projectors are orthogonal, the sum of the products
of the diagonal coefficients in the corresponding quadratic
functions is zero.

Bn,v = i{P/qu}
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4. Relations between functions representing an operator given by
PVMs or by POVMs

A Hermitian operator can be defined using a proper
basis |e;), i =1,2,...,N, or an overcomplete basis |b;),
[ =1,2,...,M. Similarly, the operator can be represented as
a quadratic function of 2N canonical variables (g, p) using the
proper basis or as a quadratic function of the 2M noncanonical
parameters (Q, P). Relations between different representations
are given by the simple formula

Tim =y aij(bile;) e;1bn), (48)
ij

where 7y, (Ibm = 1,2, ..., M)and a;; (i,j =1,2,...,N) are
the coefficients in representations given by the overcomplete
and the proper orthogonal basis, respectively.

The inverse relation expressing a;; (i,j =1,2,...,N) in
terms of 7, (I,m = 1,2, ..., M) reads
aij =Y mmleilb) (bule)). (49)
Im

In formulas (48) and (49) the Hermitian scalar product could be
replaced by the combination of the Riemannian scalar product
and the symplectic skew product, expressing the relations
entirely in terms of objects appearing in the Hamiltonian
formulation. However, the corresponding transformations are
not canonical.

IV. RELEVANT EXAMPLE: THE PHASE

The phase of quantum motion is an observable physical
quantity that is naturally expressed using an appropriate
POVM (see [21] and references therein). For our purpose
it is enough to discuss the phase POVM in the case of
the simplest quantum systems with finite Hilbert spaces and
with a nondegenerate energy spectrum. In this section we
first illustrate the construction of the relevant nonorthogonal
basis and the POVM in the Hilbert space formulation. We
then present the corresponding Neumark extension. The
Hilbert space analysis will be followed by the corresponding
Hamiltonian treatment.

A. Phase POVMs and the Neumark extension

Consider an Nj-dimensional Hilbert space H; with an
arbitrary proper basis denoted by |n), n = 1,2, ...,N;. With
this basis one associates an infinite set of vectors parametrized
by an angle ¢ € [0, 27) defined as

N
1 :
o) = ——= > “In)y, @ €]0,27), 50
o m;:l 1 ¢ €[0,2m) (50)

where k, € Z are integers. In the general construction pre-
sented here these integers are arbitrary. However, if the
constructed POVM is to correspond to the phase, then the
integers are to be precisely the nondegenerate and discrete
energy eigenvalues of the considered system.

A collection of operators defined as

(22
O1(@1,92) = Pi(ep)de (51)
@1
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and

. 1 N N )
Pig) = lohitpl = -3 3 ¢ mpniml - (52)

n=1 m=1

forms a resolution of unity, i.e.,
0,(0,2m) =1, (53)

but the operators associated with disjoined subsets of ¢ €
[0,27r) are not orthogonal. Thus the collection (52) forms a
POVM. As pointed out, if the integers k, coincide with the
energy eigenvalues, the collection of operators (51) satisfies
the so-called covariance condition

exp —iaHO\(p1,97) exp iaH
= O1((¢1 + a)mod27,(¢> + a)mod2r).  (54)

This fact justifies the association of the POVM (52) with the
data corresponding to the phase of the quantum motion.

In order to formulate the Neumark extension of the phase
POVM one needs an appropriate Hilbert space H; with
dimension N, > N; and a projector-valued measure P,(¢)
with projectors onto orthogonal subspaces of H, associated
with disjoined intervals. Then the theorem claims that there is
a projector P,_,| from H; onto H, such that Py 1©OyP . is
isomorphic to 0,.

For the case of the POVM given by (52) the Hilbert space
‘H,, the PVM 752, and the projector P,_,; are given as follows.
The Hilbert space H; is in fact the complex vector space
of square integrable functions on the interval (0, 27). The
coordinate representation is determined by generalized vectors
l@)2 and 2(p|¢')2 = 8(¢ — ¢’) and a proper basis |k), is given
by

2plk)r = Yulp) = me—ikw’ keZ. (55)
The proper basis with orthogonal generalized vectors
1 X
— ike
= — e’k 56
o) = = k;oo k)2 (56)
is used to define the PVMs
A b A
Os(a,b) = / Pado, (57)
b

R 1 +o0 +00 . )
Prg)=lonlpl=o— 3, > ¢V InKI (58)

k=—00 k'=—00

The relevant projector P,_, is defined as

Pry = lgn)a2lqil + lg2)22(qal + -+ + lan)2a{anl. (59)
where |g;), are vectors (56) with k = |g;). It follows that

P Pa(@)Pai = Prsi|@)an ol Py

N N
1 _—
~or ZZ@’("‘ “%\q:)22(qi], (60)

i=1i'=1

which is isomorphic to the measure P, (¢). This is the Neumark
theorem for the POVM given by (52).

062114-7



D. ARSENOVIC et al.

B. The phase in the Hamiltonian formulation

The Hamiltonian formulation of the original quantum
system on the finite-dimensional Hilbert space H; is given on
the finite even-dimensional phase space M. The Neumark
extension involves a Hamiltonian system on an infinite-
dimensional symplectic manifold M, which is a direct sum
of two real vector spaces of square integrable functions on
[0,27).

The phase POVM involves an overcomplete set of vectors
{lp)} indexed by the continuous index ¢ € [0,27). Conse-
quently, the expansion of an arbitrary ) € CV,

) = f dolqW:9) +ip:llp).  (61)

generates functional parameters [¢(V; @), p(¥; ¢)] of points
¥ € CV. On the other hand, the proper energy basis {|n);}
(with eigenvalues k, # k,,n # n') generates, via

N
=3 [gu(¥) + ipa@)]in)1, 62)

2N canonical coordinates {g, (), p,(¥)} of a point v indexed
by discrete and finite n. All relevant formulas from Sec. III
involve either of the expressions

(p11@2) = E expik, (2 — ¢1) (63)
or
(nlp) = : expik,p (64)
n xp ik, 64
V2 P

and the real and the imaginary parts thereof. For example, the
arbitrary vector W), from H; is expended as

2T
W), = /0 do[0(¢) + i P@)]lo)s, (65)

where the conditions (¢;|¥V), =0, #k,,andn=1,..., N
obtain the explicit form

2
/0 do[0() + i P(@)]lellg)s

_ o . 1 ilp __
_ /0 dol0() + 1P Z=e™ = 0. (66)

The functions Q(¢), P(¢) are the canonical coordinates on
M. The constraints (33) are explicitly given by

¢1(Q(<p) P(¢))

- = / dolcos(19) Q(p) — sin(lp) P(p)] =
m1(0(9), P(¢))

1 .
= I /0 do[sin(l9) Q(¢) + cos(lp) P(¢)] = 0. (67)
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Variational derivatives of the constraints read

0 L costi), 22— - sing),

30 \/2 SP 2 63)
(Sm sin(/¢), 5ﬂ = ; cos(lp).

30 «/_71 8P 2m

Poisson brackets between the constraints are, as in the general
case (34),

2 8¢1 SJTZ/ 8¢1 (37'[1/
ST = do\| — — — ——
Gl /0 g"<5Q sP 8P 5Q>

1 2
= —/ dy[cos(lp) cos(l'p)
27 0
+sin(l) sin(l'p)] = éu,
1 2w
(o, dv}opr = 2—/ dg[— cos(lp) sin(!'p)
T Jo
+ sin(lp) cos(I'p)] = 0,
1 2
(ko p = 2—/ do[sin(lp) cos(l'p)
7 Jo

—cos(lp) sin(l'p)] = 0. (69)

The functions @g"’b)( 0, P) ofthe canonical (Q, P) correspond-
ing to the PVM ©,(a,b) is given, after some computation, by
the simple expression

b
O, P) = ,(¥| / d010) (91W)2

b
- f delQ*(9) + (@), (70)

a

which is as expected for the coordinates corresponding to the
cigenbases of ©,. The functions corresponding to the POVM
®1(a,b) in the original space are by definition

b
Pf“’b)(Q,P)=1<‘IfI/ dolo)n(@l).  (71)

Due to nonorthogonality of the vectors |¢);, this expression
cannot be significantly simplified. The explicit expression
reads

2 2
PP = [ de [ aviow - ip)

b
x [0(¢") + iP(co”)]f de'1{ele")11(¢'le" ),

where

o ikn(¢' —) ikn(¢"=¢")
Hele ) @'le") = Ze ZnZe

m=1

This expression results also from explicit substitution of the
constraints (67) satisfied by (Q, P) into the expression (70).
V. SUMMARY

We have studied several questions related to the description
and interpretation of POVMs in the Hamiltonian formulation
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of quantum mechanics. The topic is important from the
point of view that considers the Hamiltonian formulation as
independent and equivalent to the Hilbert space formulation,
because the POVMs appear as a description of important
quantum mechanical concepts, originally represented math-
ematically within the Hilbert space formulation. In particular,
the POVMs appear in the treatment of approximate and indirect
measurements and in the description of joint measurement of
conjugate variables. Furthermore, a physically justified defini-
tion of certain observables requires the corresponding POVMs
instead of standard representation via PVMs. As pointed
out, if the Hamiltonian formulation is to be considered as a
viable alternative approach to the mathematical formulation
of quantum mechanics, it is important to analyze properties
of representatives of the POVMs within the Hamiltonian
approach.

In particular we have studied the properties of the sets of
state coordinates corresponding in the Hamiltonian formula-
tion to an overcomplete basis in the Hilbert space formulation.
Coordinates in such a set are dependent and the relations

PHYSICAL REVIEW A 91, 062114 (2015)

can be treated as constraints on the Hamiltonian formulation
in a larger phase space. We have demonstrated that the
Hamiltonian treatment of systems with linear primary con-
straints corresponds to the Neumark extension and reduction.
We have also provided the criteria that distinguish between
objects representing POVMs from those of PVMs entirely
within the Hamiltonian formulation. Finally, these abstract
considerations have been illustrated using the example of
a POVM corresponding to the phase of quantum motion.
The Hilbert space formulation of the phase POVM and the
corresponding Neumark extension was described first and then
the corresponding Hamiltonian description was provided.
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Counterpropagating, spatially separated hollow pump and coaxial probe laser beams generate narrow Zeeman
electromagnetically induced transparency (EIT) resonances in the vacuum Rb cell. The lasers are locked to D,
line transition F, =2 — F, = 1 of Rb. For the probe laser beam intensity between 0.1 and 3.0 mW/cm? this
Ramsey-type conflguratlon yields dual-structured resonances having a narrow peak on top of a broader pedestal.
Linewidths of the narrow peak are nearly independent of the probe laser beam intensity and of the probe diameter
(for diameters 0.8 and 2.7 mm), provided that the dark region between the pump and the probe beams is fixed. At
the probe laser beam intensities below 0.1 mW/cm? Zeeman EIT is a single narrow resonance. With this geometry
of laser beams, and at low probe intensity, the presence of the pump enables the probe EIT, i.e., the probe
transmission becomes enhanced in a narrow spectral window. Accompanying theoretical model showed good
quantitative agreement with the measurements. © 2015 Optical Society of America

OCIS codes:
http://dx.doi.org/10.1364/JOSAB.32.000426

1. INTRODUCTION

Electromagnetically induced transparency (EIT) is a laser(s)
transmission peak due to coherences between atomic levels
induced by the same laser(s) whose transmission is monitored
[1]. EIT as a quantum phenomenon has its classical analog
[2]. In a typical interaction scheme, two lasers couple two
hyperfine levels (hyperfine coherence) or Zeeman sublelevels
(Zeeman coherence) with the common excited-state hyper-
fine level. Hyperfine (Zeeman) level (sublevels) are long lived
and degeneracy of the ground-state angular momentum is
larger or equal to that of the excited state. Alkali atoms with
two long-lived hyperfine levels in the ground state, and optical
transitions to excited-state hyperfine level in a suitable wave-
length region are most often used in EIT experiments. Quantum
EIT, the subject of this investigation, is a manifestation of the
coherent superposition of Zeeman sublevels of the ground
hyperfine level due to interactions with the laser field.
Superposition called dark state [3-5] is decoupled from the in-
teraction and presents foundation of EIT. EIT has gained con-
siderable interest because of nonlinear response and steep
dispersion around the atomic resonance at reduced absorption.

A method analog to the Ramsey method of separated oscil-
latory fields [6] can be utilized for narrowing dark resonances
in alkali atoms using thermal atomic beam [7-9] or atoms
contained in vacuum glass cells, by spatially separating pump
and probe beams [10,11]. Ramsey-like mechanisms yield very
narrow EIT resonances in alkali-metal vapor cells with buffer
gas (or with antirelaxation wall coating), even with a single
laser beam [12,13].
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(270.1670) Coherent optical effects; (300.3700) Linewidth.

In experiments with vacuum gas cells it is necessary to
apply a particular geometry of a hollow pump and a narrow
coaxial probe in order to see narrow fringes on the probe EIT
[14], or to implement a multizone spectroscopy like in [15].
Instead of spatially separating continuous wave pump and
probe, pulses of the pump and probe were used in a Ramsey-
like method for narrowing EIT by switching the laser beams
on and off. Hyperfine EIT produced in the double A scheme
with the pump and the weak probe pulse have produced high
contrast, very narrow fringes (100 Hz) in the probe EIT in Cs
buffer gas cell [16,17].

In this work we use counterpropagating pump and probe
beams to study Ramsey effect on linewidths and amplitudes
of the probe Zeeman EIT in Rb vacuum cell. Zeeman coher-
ences are generated in the F;, = 2 hyperfine level of the
ground state of 8Rb by the pump beam, made in the form of
a hollow cylinder. The atomic coherence is carried by the
atomic thermal motion to a small-diameter probe beam that
passes through the center of the hollow pump laser. There
is dark region between the pump and probe beam, which
we keep constant in the study. This counterpropagating
geometry allows EIT with much weaker probe intensity as
opposed to the copropagating pump and probe [14] due to
reduced multiple scattering of pump light into the direction
of the probe and toward the photodetector. Therefore in this
work we cover much lower probe laser beam intensities than
in [14]. Also, differently than in [14], here we investigate EIT
line shapes for D, line of 8’Rb. We examine how different
probe diameters, for the same dark region, change the shape

© 2015 Optical Society of America
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of the dual-structured probe EIT resonances having a nar-
rower central peak (due to atomic coherence coming from the
pump) and a wider pedestal (due to probe beam influence).
The dependence of narrow resonances as a function of
the probe laser beam intensity and diameter is studied.
Experimental results are compared with the detailed theoreti-
cal model based on time-dependent optical Bloch equations
(OBEs). We determine the range of the probe intensity when
Zeeman EIT has only narrow structure, i.e., the transmission
of the probe beam becomes enhanced when the pump is
turned on. EIT resonances in vacuum cells, even with the
Ramsey method, are wider than EIT in buffer gas cells.
However, there is an interest for narrow EIT in vacuum cells
at room temperature because atomic collisions, and temper-
ature fluctuations are reduced, which is important for EIT
applications.

2. EXPERIMENTAL SETUP

The schematic of the experiment, given in Fig. 1, describes the
geometry of laser beams we have used to investigate effects of
spatially separating the probe and pump beam on the EIT line
shapes. A large-diameter hollow pump beam and narrow co-
axial probe beam counterpropagate through the Rb cell. The
two beams are generated from the same external cavity diode
laser (ECDL). Employing counterpropagating probe and
pump beams requires precise laser frequency tuning to the
optical transition; otherwise the probe and pump will not
be able to interact with the same atoms (atomic velocity is
not expected to change in the region between the pump
and probe). The laser is locked using the Doppler free dichroic
atomic laser lock (DDAVLL) technique [18] on Dj line transi-
tion F, =2 — F, = 1 of 8Rb, and is linearly polarized. The
vacuum Rb cell, 85 mm long and of 25 mm in diameter, is kept
at room temperature. The Rb cell is inside cylindrical solenoid
that provides longitudinal magnetic field. The triple layers of
p-metal, around the cell, minimize effects of stray magnetic
fields. In the experiment we measure the probe transmission
as a function of the external magnetic field. Pump intensity is
11.5 mW/cm? and the probe intensity varies from 0.1
to 3.0 mW/cm?2.

We have measured Zeeman EIT by sweeping the magnetic
field for two probe 1/e? diameters, 2.7 and 0.8 mm. The pump
beam inner diameter is changed from 5 to 7 mm when the
probe diameter is changed from 0.8 to 2.7 mm, respectively.

BS

[ECDL I A

ol
M2
DDAVLL

’z

7 \~ dark region
( pump
"-\ 7~ probe

Fig. 1. Experimental setup: ECDL, external cavity diode laser; OI,
optical isolator; DDAVLL, Doppler free dichroic atomic laser lock;
BS, beam splitter; OF, optical fiber; M, mirrors; P, polarizer; NF,
variable neutral density filter; BE, beam expander; 1/2, retardation
plate; B, blade iris diaphragm; D, photodetector.
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Thus, the distance between pump and the probe, or “dark
region,” is the same and equals 2.1 mm.

3. THEORY

The model is similar to one described in more detail in [19].
The difference stems from the fact that in this case the pump
and probe are counterpropagating. The evolution of Rb atoms
interacting with spatially separated pump and probe laser
beams is described using time-dependent OBEs for the atomic
density matrix

dp dp
o=l ® + 0.0+ (7)) + (%)
where
H oo (B) = me );(B)1g;) (9] +Zhwk<B)|ek><ek| @

is the Hamiltonian of an atom in the external magnetic field B,
aligned with the laser beam propagation direction. Zeeman-
shifted energies nw;(B) (hwy(B)) correspond to ground (ex-
cited) states |g;) (|e;)). The interaction of an atom with laser
is treated in dipole approximation

Hi (1) = =Y "E@) - dyi(lg;) (el + le)(g50). @)
Jk

where E(t) is the laser electric field (in the atomic reference
frame) and dy, is the atomic electric dipole moment for the
transition between states |g;) and |e;). Spontaneous emission
is given by

dp A on ph A s A
(@) = 3288, — Pl - AT, @
SE m

where fm are Lindblad operators related to dipole transitions
from the excited- to ground-state manifold. In order to obtain
good agreement with experimental line shapes, and in addi-
tion to [19], we include relaxation of ground-state populations
toward the equilibrium

dﬁ) (
—F ' P
(dt relax Z 9%l

where 7, is the total excited-state population. When consider-
ing D, line transition F; = 2 — F, = 1, the excited hyperfine
levels F, =2 and F, =3 are also populated due to the
Doppler broadening and therefore have to be taken into
account. Equations for F|; = 1 ground-level density matrix
elements are disregarded since that level is not laser-coupled.
OBEs are numerically integrated for a collection of atoms
passing through the laser beams at different trajectories
with velocities sampling Maxwell-Boltzmann distribution.
The cylindrical symmetric atomic ensemble density matrix
is obtained after averaging over velocities and suitable angular
integration. This enables the calculation of atomic vapor
polarization, the laser electric field after propagation through
the Rb cell and, eventually, Zeeman EIT resonances.
Additional details can be found in [20,21].

Pump and probe laser beams have linear polarization
and the same frequency. Their propagation directions are

)|gj><gj| ®)
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Fig. 2. Radial profiles of counterpropagating hollow pump and
coaxial probe laser beams used in the theoretical model.

opposite. As schematically presented in Fig. 2, the probe laser
beam passes coaxially through the center of the hollow pump
beam. The probe beam profile along radial distance r at the Rb
cell entrance is modeled by a Gaussian,

Iprobe (7‘) = ijrobe eXp(—ZT’Z /T(z)) s (6)

where 7, is 1/€> the radius of the probe beam and T probe 18 the
probe beam intensity (total probe power divided by 7207r). The
pump beam radial intensity profile is taken to be the same
along the cell length and ring-shaped:

Ipump(r) = Tpumpa(erf(p(r - 7”1)) - erf(p(r - 7‘2)))’ )
where Tpump is the pump beam intensity and a is the normali-
zation constant. Parameter p controls the steepness of the
profile near the beam inner and outer edge that are deter-
mined by the parameters r; and 75, respectively.

4. RESULTS AND DISCUSSION

We show results of interactions of the probe beam with atoms
prepared in the dark state by the spatially separated pump
beam. Both the pump and probe have linear and mutually
parallel polarizations. Sweep of the magnetic field provides
detuning of two circular components from the two photon
resonance among Zeeman sublevels for which Amyp = 2. In
the following we present EIT line shapes, amplitudes, and
linewidths obtained by measuring the probe transmission at
different magnetic fields. In this work we are not concerned
with absolute values of the probe transmission. Therefore, we
present EIT line shapes normalized such that maximal trans-
mission is set to unity.

Figure 3(a) shows measured and Fig. 3(b) calculated
Zeeman EIT resonances for two probe laser beam intensities,
0.2 mW/cm? (upper rows) and 1.4 mW/cm? (lower rows),
and two probe laser beam diameters, 0.8 mm (left column)
and 2.7 mm (right column). EIT line shapes for both laser
beam intensities have dual structure, a narrow peak with
fringes appearing on top of a broader pedestal. A broader ped-
estal is generated by the probe itself, while narrow peak and
fringes result from Ramsey interference. Ramsey fringes are
well pronounced for the narrower probe beam because of the
shorter interaction time of Rb atoms with the probe light, i.e.,
smaller probe influence. When the probe laser beam intensity
is increased, or its diameter is increased, the Ramsey fringes
lose their visibility. Theoretical results in Fig. 3(b) are in quite
good agreement with the experiment.

EIT widths and amplitudes of the narrow and wide struc-
tures are obtained after resolving the two structures in EIT
line shapes. Figure 4 presents widths of the narrow structure
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Fig. 3. (a) Experimental and (b) theoretical Zeeman EIT at D, line,
for two probe laser beam intensities, 0.2 mW/cm? (upper rows) and
1.4 mW/cm? (lower rows), and two probe laser beam diameters,
0.8 mm (left column) and 2.7 mm (right column).

of EIT resonances, for two probe laser beam diameters.
Experimental results are in Fig. 4(a), and theoretical in
Fig. 4(b). The linewidth of the narrow structure in our experi-
ment is %15 mG or ~18 kHz. This is similar to the narrowest
EIT obtained in vacuum alkali gas cells with multizone
Ramsey technique [15]. As seen from Fig. 4, the narrow struc-
ture EIT linewidth is narrower and also more robust against
probe intensity for the narrower probe beam. The behavior of
the pedestal width is as expected for a single beam EIT [22]: it
is narrower for the wider probe, and it changes much more
rapidly with the probe laser beam intensity. Calculated line-
widths follow the same trend and the narrower probe beam
also gives narrower linewidth.

In the experiment with a single laser beam and coated cell
[13], EIT has also dual structure. Similar to our result, narrow
structure of EIT in [13] is narrower for the smaller laser beam
diameter. Moreover, intensity dependence of the linewidths of
the narrower peak is similar as in our setup: EIT linewidth
obtained with the narrower beam is less dependent on the
laser intensity. Such intensity dependence given in [13] is
due to the geometry of the cell and the Ramsey effect of a
multiple interaction of atoms with the same laser beam—
narrowing the laser increases the dark region, i.e., time that
the atom spends in the dark. The similar behavior of the
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Fig. 4. (a) Experimental and (b) theoretical full width at half-
maximum of the narrow structure of EIT as a function of the probe
laser beam intensity, for two probe laser beam diameters, 0.8 and
2.7 mm.

narrow peak of the EIT in our work has a different explana-
tion. The probe laser beam, apart from probing the atoms
coherently prepared in the pump beam, influences the atomic
evolution, which affects the narrow structure linewidth.
During atomic passage through the laser beams the atomic
state changes due to competitive effects of the laser electric
field and the external magnetic field. The laser field continu-
ously prepares the atoms into the dark state. The external
magnetic field causes oscillations of the atomic ground-state
coherences at the corresponding Larmor frequency and alters
the atoms from the dark state. When the external magnetic
field is zero the atoms reach the dark state inside the strong
pump beam, which consequently leads to a maximum in the
probe transmission. At nonzero magnetic field the state of the
atoms passing through the probe beam differs from the dark
state, so that the probe transmission decreases. However, this
decrease in probe transmission due to the influence of the mag-
netic field is partially compensated by preparation of the atoms
into the dark state within the probe beam. Hence, the actual
probe transmission at some magnetic field is somewhat larger
than the one expected without the probe influence. This causes
broadening of the narrow structure in Zeeman EIT resonances
that becomes more pronounced as the probe intensity and/or
diameter increases.

Figure 5 shows measured and calculated amplitudes of the
narrow structure of EIT resonances, for probe laser beam
diameters 0.8 mm [Fig. 5(a)] and 2.6 mm [Fig. 5(b)]. As both
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Fig. 5. Experimental and theoretical results for the amplitudes of
the narrow structure of EIT resonances for two probe laser beam
diameters: (a) 0.8 mm and (b) 2.7 mm.

experiment and theory show, amplitudes of narrow peaks of
the probe EIT are nearly independent on probe beam diam-
eter. Their dependence on the probe intensity and diameter
is different than the amplitude of the wide structure EIT.
Amplitudes of the narrow peak of the probe EIT (obtained
when the pump laser beam is turned on) have different
dependence on the probe laser beam intensity than a single
beam EIT, tuned to the same Raman resonance and with
the same diameter. This is demonstrated in Fig. 6 where
we plot amplitudes of both narrow and wide structure as a
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Fig. 6. Amplitudes of the probe EIT with and without pump laser
beam, for two probe laser beam diameters: 0.8 and 2.7 mm.
Amplitudes of wide (narrow) structures are shown for the pump laser
beam turned off (on).
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Fig. 7. Probe beam Zeeman EIT at D, line, with and without the
pump beam. Intensities of the probe and pump beams are
0.1 mW/cm? and 11.5 mW/cm?, respectively.

function of probe intensity, for two probe diameters. The
maximum of the narrow structure of the probe EIT in the
Raman-Ramsey configuration is at very low laser intensities,
below values that we can detect in the experiment.

At very low probe laser beam intensities, below 0.1 mW/
cm?2, the probe EIT has only narrow structure. The transmis-
sion of the weak probe can be controlled in a narrow spectral
range around zero magnetic field by switching the pump beam
on/off. For small magnetic fields and when the pump laser
beam is present, the atoms coming into the probe beam are
already coherently prepared into the dark state. This leads
to the increase of the probe transmission, as presented in
Fig. 7, where we show probe EIT for 0.8 mm probe beam
diameter and for probe beam intensity of 0.1 mW/cm?,
without or with pump beam of intensity 11.5 mW/cm?.
Enhancement of the probe transmission is better for larger
pump beam intensities.

5. CONCLUSION

We presented effects of the counterpropagating spatially sep-
arated pump and probe laser beam configuration on the probe
Zeeman EIT. Both pump and probe beams are tuned to the D,
line of 8Rb. For the geometry of the experiment, with the
probe coaxial with the surrounding hollow pump and small
dark region between the pump and probe, we showed that
in the vacuum cell, like in cells with antirelaxation coating,
resonances can be narrower when the probe diameter is
smaller. For the probe of 0.8 mm in diameter we observed
and calculated narrower linewidths, almost independent of
the probe laser beam intensity. Also, for this small probe diam-
eter, when its intensity is below 0.1 mW/cm?, dual structure
of Zeeman EIT turns in to a single narrow EIT. Probe trans-
mission is enhanced in a narrow range of small magnetic fields
when the pump laser beam is present, which is akin to optical
switch behavior.
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Abstract
We investigate, experimentally and theoretically, time development of Zeeman
electromagnetically induced transparency (EIT) during propagation of two time separated
polarization laser pulses, preparatory and probe, through Rb vapour. The pulses were produced
by modifying laser intensity and degree of elliptical polarization. The frequency of the single
laser beam is locked to the hyperfine F;, = 2 — F, = 1 transition of the D, line in 7Rb.
Transients in the intensity of 6~ component of the transmitted light are measured or calculated at
different values of the external magnetic field, during both preparatory and probe pulse. Zeeman
EIT resonances at particular time instants of the pulse propagation are reconstructed by
appropriate sampling of the transients. We observe how laser intensity, Ramsey sequence and the
Rb cell temperature affect the time dependence of EIT line shapes, amplitudes and linewidths.
We show that at early times of the probe pulse propagation, several Ramsey fringes are present
in EIT resonances, while at later moments a single narrow peak prevails. Time development of
EIT amplitudes are determined by the transmitted intensity of the 6~ component during the pulse

propagation.

Keywords: electromagnetically induced transparency, Ramsey effect, rubidium

(Some figures may appear in colour only in the online journal)

1. Introduction

Electromagnetically induced transparency (EIT) [1-3] is a
quantum interference phenomenon which is manifestated as a
narrow spectral resonance observed in transmitted laser light
through otherwise opaque vapour of, typically, alkali metals.
EIT is attained when two light fields couple two atomic
ground levels to a common excited level (so-called A-
scheme). Within the spectral bandwidth of the EIT there is a
strong dispersion of the index of refraction, resulting in a slow
light and storage of light phenomena in EIT medium [4, 5].
EIT is demonstrated as a coherent technique for controlling
the propagation of classical light pulses and other nonlinear
optics applications [4]. A review of EIT in various atomic
schemes is given in [6].

0953-4075/15/045501+11$33.00

Studies of pulse propagation through EIT medium is a
mature field. Measurements of transient fluorescence [7], of
transient gains of the probe pulse [8], and of non-resonant (for
both preparation and probe beams) transients [9] were done.
Also, transient effects in adiabatic [10] and non-adiabatic [11]
regimes, depending if the rise time of the pulse is slow or fast
compared to the Rabi period and relaxation times, were
analyzed. Transients of transmission of the probe pulse were
studied for cases when the pump beam is turned off [9] or on
[11], when the probe itself is turned on, and when pump and
probe fields are suddenly detuned from the resonance [8, 12].
Detailed theoretical investigation of EIT and features of the
space-time dependent probe field in A-, V-, and cascade-type
schemes are presented in [13]. The same authors performed a
time-dependent analysis of the four-wave mixing process
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(FWM) in a double-A system, showing that generated FWM
field can acquire ultraslow group velocity [14].

It was shown that the pulse strength of the laser, the pulse
switching rate, and the magnetic field determine the rate at
which transmitted pulse reaches a new steady state. These
parameters also determine transient behavior of the probe
transmission with or without free induction decay [15].
Stepwise Raman detuning of circularly polarized pump and
probe beams resulted in the oscillatory behavior of the tran-
sient signal, with the period of oscillations depending on the
Raman detuning [16]. Dependence of decay rates of the
amplitudes of the signal oscillations on the cell temperature
and laser power was studied in [12]. Behavior of transmission
of lasers inducing Zeeman EIT, when magnetic field is sud-
denly turned off and on, was studied both experimentally and
theoretically [17]. Transients in coherent population trapping
(CPT) can be also induced by ac magnetic field as calculated
in [18, 19]. Transient response of an EIT media to a phase-
modulated pump was examined in [20].

Propagation of a probe pulse through EIT medium is
closely related to temporal evolution of EIT resonance. How-
ever, the transient development of EIT was much less studied
than transmission of the laser pulse. In [21], the build up of EIT
was observed after sudden two-photon detuning from EIT. It
was found that the Zeeman EIT width decreases inversely with
the interaction time and approaches an asymptotic value
determined by the preparatory laser intensity [21].

Various models of transient effects were developed to
predict, or to explain, the propagation of the laser pulse through
EIT medium. Typically, analytical solutions of equations for
density matrix describing a three-state model is used [15]. In
[22] the authors compared transients for the dressed-atom and
bare-atom pictures. The calculations of temporal evolution of
EIT were also studied [23]. The transient response of atomic
system was calculated when the laser is suddenly turned on in
the presence of external magnetic field [24].

The Ramsey method of separated oscillatory fields [25]
was applied to alkali atoms contained in the glass cell in order
to narrow resonance linewidth. Application of two or more
successive laser pulses leads to the appearance of high contrast
and narrow (~100 Hz) CPT and EIT fringes [26-30]. Calcu-
lations have also shown that quantum interference, driven by
two identical pulses, results in Ramsey-like fringes [31]. Two-
photon free-induction decay in a three-level A system used to
obtain EIT was reported in [32]. Ramsey interference effect
appears after pulsed excitation, with fringes observed as time-
domain oscillations in the transmission amplitude of a long
attenuated query pulse [33]. Transient of Raman—Ramsey
fringes (RRF) and EIT have been measured in sodium vapour
in the hyperfine A system [34]. Ramsey fringes induced by
Zeeman coherence in various Rb cells for both spatially and
temporally separated laser fields were reported in [35]. Ram-
sey-like measurements of Zeeman decoherence that determine
the dumping rate of such oscillations are presented in [36]. One
application of Ramsey interference is frequency selective
magnetometer based on light-pulse atom interferometry, as
described in [37]. Implementation of a compact atomic clock
based on Ramsey—CPT interference is proposed in [38].

This work extends previous studies of laser pulse pro-
pagation through EIT medium by observing transient devel-
opment of Zeeman EIT during the pulse propagation.
Experimentally and theoretically, we monitor intensity of the
o~ component during propagation of two time separated
elliptically polarized laser pulses. The laser is locked to the D,
line of ®Rb. Zeeman EIT curves are reconstructed from
transients of o~ intensity at different external magnetic fields.
We investigate transient behavior of the EIT line shapes,
amplitudes and linewidths from the moments when laser
pulses enter the Rb buffer gas cell. In particular, we investi-
gated the case when pulses are highly elliptical (maximum
relative optical power of 6~ component is only 15%), since
several slow and stored light experiments typically use this
level of ellipticity [4, 39]. We explore the effects of Ramsey
sequences by comparing the behavior of EIT during the
preparatory and the probe pulse by varying the length of the
dark time between them. The Zeeman EIT resonances are
then expected to exhibit the oscillation of transmission in
magnetic field caused by Larmor precession during the dark
time. The motivation of this work was in part to investigate
the properties of the foreseen Ramsey oscillation with respect
to pulse intensities and Rb density. Experimentally observed
developments of the Zeeman EIT are compared with corre-
sponding theoretical results. Our theoretical model based on
time dependent Maxwell-Bloch equations qualitatively
reproduces experimental observations. We are not aware of
previous publications that show the time evolution of Zeeman
EIT and Ramsey effect on this evolution when fast devel-
oping pulse propagates through Rb cell with buffer gas.

The detection of Raman—Ramsey oscillations on EIT line
shapes presented in this work can find application in high
precision magnetic field measurements and in determining the
atomic decoherence rates.

2. Theory

2.1. Description of the model

The evolution of Rb atoms contained in a buffer-gas cell is
calculated using time dependent optical Bloch equations for
Rb density matrix p

op it oA
—=DV? — —| Hyom (B
~ p ﬁ[ om (B)
. . p 0,5)
+ Vi 0, p |+ =] +|[=] 1
(5 1), 7] ( m)SE ( o) (1)

where Hyom(B) is the atomic Hamiltonian in the external
longitudinal magnetic field, \7im(r, t) describes laser-atom
interaction and the term with subscript SE corresponds to
spontaneous emission. The hyperfine levels either coupled to
the laser light or populated due to spontaneous emission are
shown in the energy level diagram in figure 1.

Collisions with the buffer-gas affect the atomic evolution
in several ways. First, Rb atoms acquire diffusive motion
within the cell, as described by the first term at the right-hand
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Figure 1. Energy level diagram for D, line transitions considered in
the theoretical model. Solid lines represent transitions induced by the
laser, while dotted lines correspond to possible spontaneous
emission channels from excited levels. Frequency differences
between adjacent hyperfine levels are shown.

side of (1) with D as the diffusion coefficient. Second, within
each excited state manifold the populations of Zeeman sub-
levels are equalized, while the coherences are destroyed due
to total collisional depolarization of the excited state [40, 41].
The collisions with the buffer gas also broaden the optical
transition and together with the Rb—Rb collisions lead to the
relaxation of the ground state populations and coherences.
These effects correspond to the last term at the right-hand side
of (1). For the buffer gas pressure of 30 Torr the collisional
broadening of ~300-400 MHz is comparable with the Dop-
pler width, so that we use the approximation of the motionless
atoms in the direction of the laser beam propagation. Detailed
exposition of the theoretical model is given in [42]. The
present experimental configuration requires some additions
concerning time dependent features. Contrary to the steady
state calculations in [42], here we are solving (1) in cylind-
rical coordinates (r, z) and in time. The effects of propagation
of slowly varying envelopes (SVEs) of the laser electric field
& and the polarization P of the Rb vapour are also incorpo-
rated via

10268 K tB _ i@ 5 g o)
- o 0z 2epc

where ¢ is the vacuum dielectric constant, ¢ is vacuum speed
of light and w is the laser frequency. The time dependence of
these SVEs originates from the time dependent boundary
condition for the electric field at the entrance to the Rb cell
E(r,z=0,1 B) = En(r, t). In the frequency domain the
propagation equation is

0(r,z, v; B) _ 1w P(r, z, v; B).(3)
0z 26()C

izé'(r, z,v; B) +
c

The frequencies for which &, (r, v) is significant satisfy

G

KS(r, Z, U; B)‘ <
c

0&(r, z, v; B) ‘ ‘ Ein(r, v)
0z L

where L is the cell length, so that we can safely drop the first
term from (2). This leads to

0€(r,z,; B) o
0z 26‘0

P,z t; B), 5)
c
which is used, in conjunction with (1), for calculation of the
transmitted electric field at z = L and Zeeman EIT resonances
at particular time instants. The normalized o~ transmission
corresponds to the ratio I, /I,, where I and[, denote
intensities of the 6~ component of a laser beam, after pro-
pagation through and before entering into the Rb cell,
respectively. Numerical calculations are performed using the
DOLFIN finite element library [43] (part of the FEniCS
project [44]) and CBC.PDESys package [45].

2.2. Theoretical results

The EIT resonances were determined from calculated o~
transmissions at a given time instant after the ¢~ pulse is
launched into the Rb cell, at various magnetic fields. The cell
temperature is 67 °C. The period between the two pulses,
when the laser beam was turned off, was set to 60 us. Overall
laser intensities during the first (preparatory) and the second
(probe) pulse were 4.9 and 0.9 mW cm™2, respectively. Both
pulses were elliptically polarized with 15% of photons car-
rying the ¢~ polarization. Calculated EIT curves at ¢ = 6, 16,
100, and 328 us from the beginning of the probe pulse are
shown in figures 2(a)—(d), respectively.

From the calculated transmission signals, the amplitudes
and the linewidths of Zeeman EIT resonances evolving in
time were extracted and shown in figures 3(a) and (b),
respectively. These results show that the central peak has
higher amplitude and wider line shape soon after the start of
the probe pulse.

3. Experiment

3.1. Description of the experiment

Propagation of the polarization laser pulses and temporal
evolution of Zeeman EIT resonances are experimentally
realized in the Hanle configuration. A schematic of the
experiment is given in figure 4(a).

The external cavity diode laser is frequency locked to the
hyperfine F;, =2 — F, = 1 transition of the D, line in 8Rb
using the Doppler-free dichroic atomic vapour laser lock
method [46, 47]. Gaussian profile for the laser beam is
obtained by the short single mode optical fiber. In order to
apply the Ramsey method of repeated interactions of a laser
light with Rb atoms, the power of the first order diffracted
beam from the AOM is modulated and transmitted through
the cell. The linear polarization of the laser light is assured by
the high quality polarizer. The Pockels cell and the A/4 plate
are used to generate laser pulses with elliptical polarization:
pure % circular polarization is obtained when no voltage is
applied to the cell, while 15% of the ¢~ light is produced
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Figure 2. Time evolution of calculated Zeeman EIT resonances during the probe pulse with overall laser beam intensity of I, = 0.9 mW cm™.
The overall laser beam intensity during the preparatory pulse is /; = 4.9 mW cm ™. The dark period is T), = 60 us. The resonances are
reconstructed and normalized from ¢~ transmission signals at four different times: (a) # = 6 us, (b) t = 16 us, (¢) t = 40 us, and (d) # = 100 us.

The cell temperature is 67 °C.
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Figure 3. Theoretically obtained time evolution of Zeeman EIT (a) amplitudes and (b) linewidths of the central fringe during the probe Eulse,
for overall laser beam intensity of I, = 0.9 mW cm ™. The overall laser beam intensity during the preparatory pulse is /; = 4.9 mW cm™. The

dark period is Tp = 60 us. The cell temperature is 67 °C.

otherwise. The Rb cell containing 30 Torr of Ne buffer gas is
8 cm long and has 2.5 cm in diameter. The Rb cell was heated
by using hot air circulating around the cell. Measurements
were done at 67 °C and 85 °C. The Rb cell is shielded from

stray magnetic fields by the triple y-metal layers which reduce
stray magnetic fields below 10 nT. In order to obey two-
photon detuning, long solenoid placed around the Rb cell
produces controllable longitudinal magnetic field in the range
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Figure 4. (a) Experimental setup: ECDL—external cavity diode laser:

; Ol—optical insulator; DDAVLL—Doppler-free dichroic atomic

vapour laser lock; BS—beam splitter; FC—fiber coupler; SMF—single-mode fiber; FCL—fiber collimator; AOM—acousto-optic modulator;

P—polarizer; PBS—polarizing beam splitter; PD—photodetector. Hot
in the experiment.
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(curve 1), t = 16 us (curve ii), (c) t = 100 us (curve iii), and (d)

t = 328 us (curve iv). The cell temperature is 67 °C.

of £10 uT. The ¢~ light is extracted from the transmitted laser
beam with the A/4 plate and the PBS. Transmitted o~ laser
intensity over time, for a given magnetic field, is measured by
the photodetector and recorded by the digital storage
oscilloscope.

Laser pulses are produced after applying voltage pulses
to the AOM and the Pockels cell as shown in figure 4(b). Note
that the laser pulse here refers to the temporal change of a
laser beam polarization. That is, polarization changes from ¢™*
before the pulse, to elliptical polarization with 15% of o~
relative optical power during the pulse. The first voltage pulse
to the Pockels cell (signal (i)) is preparatory pulse that pre-
pares Rb atoms into the dark state. Then, the voltages on the
Pockels cell and the AOM are synchronously turned off for a
certain period of dark time. During the dark time, Zeeman
coherence makes a Larmor precession if the external magnetic
field is not zero. After the dark time, the voltage pulses are
again applied to AOM and Pockels cell and the second
(probe) pulse, with the same polarization but intensity that can
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Figure 7. Time evolution of Zeeman EIT resonances during the probe pulse with overall laser beam intensity of I, = 0.9 mW cm ™. The
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be different than the preparatory pulse, is created to probe the
atomic coherences. At the end of the probe pulse, we return to
a strong ¢t polarization for several ms to repump atoms back
to the Zeeman sublevels of the ground state before the next
Ramsey sequence of pulses. Note that all the time we measure

only the o~ component of the elliptically polarized laser
beam. We denote by I; and I, overall intensities of a laser
beam during the preparatory (duration 7;) and probe pulse
(duration T5), respectively. Two synchronous voltage signals,
controlling the AOM and the Pockels cell with fully
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Figure 9. Measured ¢~ transmission signals during preparatory and probe polarization laser pulse for magnetic field (a) 3.5 4T and (b)
0.35 uT. The curves in both figures correspond to the probe pulse overall intensity of I, = 4.8 mW cm ™. The overall laser beam intensity
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adjustable amplitudes and durations, were generated by field-
programmable gate array based signal generator and oscillo-
scope, as described in [48].

Development of Zeeman EIT for cell temperature of
67 °C, corresponding to Rb density of 5x10''cm™ [49],
was measured with the following sequence of pulses:
I, =49 mW cm ™2, T, =400 us; Tp = 60 us and Tp = 160 us;
T, = 400 us. We varied the overall laser intensity during the
probe pulse: I, = 4.9mW cm™? (AOM signal (ii)),
I, =2.5mW cm™? (AOM signal (iii)), and I, = 0.9 mW cm™>
(AOM signal (iv)) in order to measure the intensity depen-
dencies of the: (1) ¢~ transmission and (2) Zeeman EIT
temporal development. The same Ramsey sequence was
used for the cell temperature of 85°C (Rb density of
1.4x10'% cm™ [49]), except the higher laser intensity was
required during the two pulses due to increased residual
absorption: I; = 49 mW cm™ and I, = 4.8 mW cm ™.

3.2. Experimental results

In this section we show effects of the probe pulse intensity,
the Ramsey sequences of successive excitation pulses, the
external magnetic field and the cell temperature on propaga-
tion of pulses and development of EIT.

Measured transmissions of the 6~ component of a laser
beam, during the preparatory and the probe pulse are shown
in figure 5. The Rb cell temperature is 67 °C. Presented results
are obtained for three values of the overall laser intensities
during the probe pulse, and for the two values of magnetic
field. The intensity and duration of the preparatory pulse are
always I = 4.9 mW cm™ and T = 400 s, so that during this
pulse *’Rb atoms are efficiently prepared into the dark state.

Transient behavior of the probe pulse depends on the
laser intensity, duration of the dark time, and magnetic field.
We show in figure 5 propagation of preparatory and probe
pulse for two values of magnetic field, 3.5 and -0.1 uT, for
three values of the probe pulse intensity, and for dark time of
60 us. For the preparatory pulse intensity of 4.9 mW cm™2,
transmission of the probe pulse can be quite different

depending on its intensity. At high intensity of the probe
pulse (4.9 mW cm™2), probe transmission increases with time
due to optical pumping. When probe intensity is decreased to
2.5 mW cm_z, transmission is constant in time. For the lowest
probe intensity of 0.9 mW cm™2, the probe pulse probes the
coherences without significantly contributing to atomic evo-
lution and optical pumping. The signal then decays due to
decoherence and relaxation. At low magnetic field, the
transmission of the probe is higher compared to transmission
at higher magnetic fields (compare figures 5(a) and (b)),
because more atoms are coherently prepared into the dark
state by the preparatory pulse.

Due to Larmor precession of atomic polarization during
the dark time, oscillations in the measured intensity of the
probe pulse can be seen in figure 5(a), when intensity is low
and magnetic field is different from zero. Frequency of
observed fringes depends on the magnetic field, while their
amplitudes depend on the amount of coherence between
Zeeman sublevels. These results are in agreement with
[35, 36]. The fringes on the transmission signal disappear
when the ¢* polarized laser beam is kept on between the
preparatory and probe pulse (not shown), providing the evi-
dence that observed fringes are indeed due to interference
between coherently prepared atoms and the probe light.

From the transient curves of the ¢~ transmission, like
those in figure 5, taken at 70 different values of the long-
itudinal magnetic field, we have reconstructed Zeeman EIT
resonances at different times during the development of pre-
paratory and probe pulse. We first show Zeeman EIT reso-
nances developing during the preparatory pulse (see curves
(1)—(@v) in figure 6). As time progresses, EIT resonances keep
the similar shape and only have higher amplitude since more
atoms undergo dark state preparation.

Development of EIT during the probe pulse, when dark
time is Tp = 60 us is shown in figure 7. The overall laser
beam intensities during the preparatory and the probe pulses
were I, = 4.9mWcm™ and I, = 0.9 mW cm™>. Character-
istically, EIT resonance has central peak and fringes due to
interference between atomic coherence precessing in the
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Figure 10. Time evolution of Zeeman EIT resonances during the probe pulse with overall laser beam intensity of I, = 4.8 mW cm™2. The
overall laser intensity during the preparatory pulse is I; = 49 mW cm 2. The dark period is T, = 60 us (left column) and T}, = 160 us (right
column). The resonances are reconstructed and normalized from ¢~ transmission signals at four different times (from top to bottom): # = 6 or
8 us, t=16pus, t =40 us, and ¢ = 100 us. The cell temperature is 85 °C.

magnetic field and probe electric field (at + = 6 us and
t =16 us). The frequency width of the fringes decreases with
time of precession. At about 40 us since the beginning of the
probe pulse only first order fringes are visible. At longer
time they start merging with the central peak (¢ = 100 us),
and at even longer time only central peak remains.

[oe]

Experimental waveforms of EIT are in qualitative agreement
with theoretical curves shown in figure 2, which are calcu-
lated under the same experimental conditions. We also
found similar transition from EIT with fringes to EIT with
only central peak at higher pulse intensity, except this
transition is during shorter time.
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Figure 11. Experimentally obtained time evolution of Zeeman EIT (a) amplitude and (b) linewidth durin% the probe pulse. The overall

intensities of the laser beam during preparatory and probe pulse are I; = 49 mW cm™ and I, = 4.8 mW cm™

Tp = 60 us. The cell temperature is 85 °C.

Time dependencies of Zeeman EIT amplitudes and
linewidths are shown in figures 8(a) and (b), respectively,
for dark time of 60 us and two values of probe intensity, 0.9
and 2.5mW cm™. One can see that more contrasted and
narrower resonances are obtained when the probe pulse
intensity is lower. Amplitudes of EIT behave differently at
different pulse intensities. Similar to time dependence of
transmitted probe intensity in figure 5, amplitudes of EIT
resonances increase (decrease) with time for high (lower)
probe intensity. When the pulse intensity is higher there is
prevalent influence of power broadening. High intensity of
the probe pulse also affects time evolution of Zeeman EIT.
At high intensities (black squares at figure 8(b)) the strong
electric field slows the precession, causing merging of the
fringes with the central peak and broadening of the peak.
However, at the beginning of the pulse, the EIT width is
independent on the pulse intensity. It remains the same even
when two pulses have very different intensities, as seen in
figure 8. The significance of this finding is that EIT width
will not vary with variations of intensities of the probe pulse
as long as the pulse is shorter then a few us. The width of the
central peak is not sensitive to the intensity/power but to the
absorbed energy of the laser light. The measured amplitudes
agree well with calculated data shown in figure 3(a). How-
ever, the calculated linewidths (figure 3(b)) are somewhat
larger than experimental ones.

In the investigation of the development of EIT when
Raman detuning is achieved by modulating laser frequency at
constant magnetic field, Yoshida er al have distinguished
between the Raman—Ramsey and the hyperfine EIT spectra
depending on the time gating within excitation pulse [34].
RRF were obtained at the pulse beginning while the EIT
spectrum was obtained at its end. Due to variable magnetic
field in our experiment, reconstructed ¢~ transmission curve
at each time instant consists of both Raman—Ramsey and EIT
spectra.

Dependence of the transient development of Zeeman EIT
resonances on Rb density and on the length of the dark time is
studied by measuring signal pulse waveforms for Rb cell

, respectively. The dark period is

temperature of 85°C and for two dark times: 60 us and
160 ps. Similarly, ¢~ transmission signal was measured at
different magnetic fields during the preparatory and the probe
pulse.

For investigations of transient behavior of EIT reso-
nances, the intensities of preparatory and probe pulse were 49
and 4.8 mW cm™>, respectively. At higher Rb density we
needed to increase incident intensities in order to obtain signal
from the transmitted 6~ component, that is high enough for
good visibility of reconstructed EIT fringes. Measured
transmissions of the 6~ component of the laser beam, during
the preparatory and the probe pulse, are shown in figure 9 for
two values of external magnetic field. As seen from
figure 9(b), transmission of the ¢~ component at very low
magnetic field increases once the probe pulse has been
established, and reaches the maximal value at some instant.
After that moment, transmission starts to decay. This could be
explained in terms that the probe pulse has enough optical
power to further pump the atoms into the dark state, but at
later times decoherence prevails and transmission drops. In
the case of higher magnetic field, transmission drops right
after the pulse is generated because of the higher value of
two-photon detuning.

The reconstructed EIT curves for two dark times of 60
and 160 us, are shown in figure 10.

RREF are observed at 6 and 8 us after the beginning of the
probe pulse. The fringes get narrower and weaker with pre-
cession time due to Zeeman decoherence, leading to a single
EIT peak at later time instants. In classical Ramsey effect, the
frequency width of the central Ramsey fringe is 1/(2 - Tp).
We have found that for dark times of 60 and 160 us, the ratio
of widths of the first order Ramsey fringes is in agreement
with 1 / (2 . TD) dependence. At these density and laser
intensities fringes decay faster comparing to lower intensities
(case with 67 °C cell temperature) because precession of the
dark state is affected by electric field. The central peak is at
each time instant also narrower when the dark time is 160 us.
Its narrowing could be explained by the work from [36]
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where authors have shown the increase of Zeeman deco-
herence rate because of the Rb—Rb spin-exchange collisions.

Measured time dependencies of EIT amplitudes and
linewidths during the probe pulse when dark time is 60 us and
temperature is 85 °C are shown in figures 11(a) and (b),
respectively. The amplitudes increase at the beginning of the
probe pulse and decay later. This is in qualitative agreement
with the o~ transmission time dependence as presented in
figure 9(b). The linewidths of EIT resonances are wider at
higher density (85 °C versus 67 °C) due to the power broad-
ening caused by higher laser beam intensity. At high pulse
intensities needed for this Rb vapour density, the precession
of the Zeeman coherences is slowed in the laser electric field
and fringes start to merge with the central peak, thus broad-
ening the resonance at earlier times.

4. Conclusion

We presented experimental and theoretical study of the transient
response of EIT medium to propagation of laser polarization
pulses resonant to EIT transition. Through observed time
development of the ¢~ pulse transmission at different magnetic
fields, we reconstructed Zeeman EIT resonances corresponding
to various time instants during pulse propagation. The EIT
resonances during the probe pulse have characteristic Ramsey
fringes at early times and a narrow central peak at later
moments. Ramsey fringes or oscillations of probe transmission
during pulse propagation in magnetic field are caused by Lar-
mor precession during the dark time. The disappearance of
fringes is faster for larger probe pulse intensities due to inco-
herent pumping and effects of electric field on precession of
atomic coherences. The behavior of amplitudes and linewidths
of the EIT central peak depends on the probe intensity and Rb
density. At very low probe intensity they both monotonically
decay if Rb density is low, while at higher density amplitudes
and widths they first increase and then decay.

We have studied transients of the polarization laser pul-
ses for the system that is often used in slow light and storage
of light experiments. Thus, better knowledge of polarization
pulse transmission and time development of EIT resonances
is valuable.
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Parametric non-degenerate four wave mixing in hot potassium vapor
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ABSTRACT

In this study we show the results for parametric non-degenerate four wave mixing (FWM) obtained using double lambda
scheme at D1 line in hot potassium vapor. We have investigated the influence of one-photon detuning and two-photon
detuning on the FWM gain. The laser frequency is locked at approximately 1GHz from the resonance 4S;,, F;=1 -> 4P,
using external reference cavity. The probe beam passes through acoustooptic modulator that enables controllable
detuning around 460 MHz (ground state hyperfine splitting) in respect to the pump beam. The vacuum glass cell
containing the potassium vapor was heated by hot air in order to achieve necessary concentration of atoms. The
efficiency of FWM process is studied by measuring the gains of the conjugate beam the probe beam, simultaneously.
The maximal gain was achieved for nonzero two photon detuning.

Keywords: four wave mixing, potassium, copropagating beams

1. INTRODUCTION

Four wave mixing in atomic vapors is a non-linear interaction between atoms and light that allows exchange of energy
between four different modes of light in a nonlinear medium. It has been investigated in inhomogeneously broadened hot
atomic vapor', and in cold atomic samples’, using different atomic level schemes. FWM in alkali atoms have shown
success in generating high gain of twin beams, probe and conjugate photons, and efficient amount of relative intensity
squeezing™ *. Although there is a number of studies exploring FWM in Rb and Cs® to our knowledge this is the first
investigation of FWM in double-A schemes in K.

We study FWM in *K, using double-A scheme, driven by far detuned (compared to Doppler width), and nearly co-
propagating pump and probe laser beams. The pump and the probe are in near two-photon resonance between ground
state hyperfine levels. Such FWM relies on coherence among two hyperfine levels® in the ground state of K, and
elimination of resonant absorption due to electromagnetically induced transparency’.The goal is to investigate ability of
this scheme in K for efficient FWM and large gains of both pump and conjugate beam. Potassium hyperfine splitting in
the ground state is 460 MHz', narrower that the Doppler broadened width. Therefore, detuning of the probe photons
from the exited state hyperfine levels, in the outer A branch, is much smaller than in other alkalis and this could lead to
very efficient FWM process and high gains. Besides atomic scheme, laser intensity and a single photon detuning, i.e.,
saturation intensity, together with atomic density and two-photon detuning play major roles in efficiency of FWM. In
this work we investigate gains of the probe and the conjugate beams as a function of two-photon detuning, for various
values of a single photon detuning. The pump laser power, atomic density, angle between the pump and the probe beams
and diameters of the pump and the probe are kept fixed.

FWM in the atomic scheme of this experiment is suggested to efficiently generate non-classical beams and relative
intensity squeezed light®. Our aim in this work is to maximize the gain of the FWM process since the degree of relative
intensity squeezing depends on this gain. Interactions like FWM offer many promising applications due to unique
properties of the conjugate beam and high entanglement between probe and conjugate’.

*bojan@ipb.ac.rs; +381 64 2366555; www.photonics.ipb.ac.rs
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2. EXPERIMENTAL SETUP

We have used the D, line of potassium for the realization of the double-A system. The lower levels of the A scheme are
two hyperfine sublevels of K ground level 2S]/2, F=1 and 281/2, F=2 (figure 1). For the upper level we neglect the
hyperfine splitting since it is small compared to detuning. The hyperfine splitting between two lower levels is 461.7
MHZ'.
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Figure 1. Double-A scheme on the Dy line of *K. HFS — hyperfine splitting of the ground state, A- one photon detuning, 6- two
photon detuning.

The experimental scheme is presented in Figure 2. Ti:Sapphire ring laser (MBR 110, Coherent Inc) is used as a light
source. The pump and the probe beams are obtained by dividing the same laser beam with an asymmetric (90:10) beam
splitter. Main part of the laser power is used as a pump beam, driving the D; line of *’K at 770 nm and it is detuned for
approximately 1GHz. The probe beam passes an acousto optic (AOM) modulator which operates on 230 MHz in double-
pass configuration. The pump and the probe beams are focused with two pairs of lenses in order to achieve 1mm and 0.8
mm diameters respectively. They are perpendicularly polarized and combined on polarization beam splitter at the small
angle of 1.5 mrad. Two beams intersect in the center of a 50 mm long natural-abundance potassium vapor cell. The
temperature of the cell is kept at 100°C. Concentration of potassium atoms on this temperature is 7.6*10'” atoms/m’. In
order to heat up the cell we have put it in an aluminum cylinder with drilled holes along its axis through which the hot air
was blown. The windows of the cell are Brewster’s angled and the position of the cell is optimized for maximal pump
transmission (~90%). Since the probe is polarized perpendicularly to the pump transmission of the probe is much lower
(~50%). Optical powers of the pump and the probe inside the cell are estimated to 400 mW and 0.2 mW respectively
upon direct measurements in front of the cell and windows transmissivity. The four wave mixing process occurs in the
intersection volume creating probe and conjugate photons. The amplified probe and the conjugate beams leave the cell
and hit two photodiodes while the pump beam is reflected away by another polarizing beam splitter after the cell.
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Figure 2. Experimental setup. BS - beam splitter, M - mirrors, M¢- flip mirrors, PBS - polarizing beam splitter, AOM - acousto optic
modulator, L - lenses, A/4 - lambda-quarter wave plate, A/2 - lambda-half wave plates, PD - photodiodes.

The probe beam frequency i.e. the two photon detuning ¢ is scanned by changing the AOM frequency. The double-pass
configuration of the AOM allows us to scan this frequency without the change of the probe beam direction. The
frequency of the laser was locked by the internal locking system of the laser. Internal locking system of the laser has
two stages. Firstly the single mode oscillation is achieved with an intracavity etalon and secondly the frequency was
locked to the external reference cavity using Pound-Hall-Drever method. In order to determine the long term frequency
stability of the laser and to measure one photon detuning we have incorporated the saturation spectroscopy (SS) setup
into our experiment. To this end we have added two flip mirrors which divert the probe beam before the AOM making it
the saturation beam in SS configuration which counter propagates the pump in the vapor cell. Initial pump is highly
attenuated and used like probe beam in SS configuration. Spectrum with hyperfine resolved features are given in Figure
3.The temperature of the vapor was 67°C.This spectra is obtained by subtracting Doppler profile from the SS signal. We
can distinguish three groups of lines corresponding to different sublevels of ground state. Within these three groups there
are three peaks (except for F,=2 group) which correspond to different hyperfine transitions. We have used the F, =1 ->
CO transitions as our reference for one-photon detuning.
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Figure 3. Measured saturation spectra of the D, line of *’K (Scheme of levels is given in the inset').

3. EXPERIMENTAL RESULTS

In our experiment we have measured the gain of the probe and conjugate as a function of two-photon detuning for three
different values of one-photon detuning. The gain of the pump and the conjugate is defined as G,=P,/Pi, and G.=P./Pj,
respectively where P, and P, are measured powers of the probe and the conjugate respectively and Py, is initial power of
the probe inside the vapor cell. The losses of the probe and the conjugate due to the output window of the vapor cell
(~30%) are not taken in count. Two-photon detuning () is swept over 60 MHz around the two-photon resonance in 4
MHz steps. The values of one-photon detuning (A) in the experiment are chosen to be 700 MHz, 1000 MHz and 1300
MHz. The results are given in figure 4a, b, and ¢ respectively. For A=700 MHz maximal gains of the conjugate and the
probe beam are 2 and 0.55 respectively. They are located at G~-20 MHz. For this particular set of the parameters

maximal gain for the conjugate is rather small while the probe amplification is negligible. The gain region spans about
MHz of two-photon detuning determined as full width at half maximum (FWHM)

For A=1000 MHz maximal gains of the conjugate and the probe beam are significantly higher, and reach 8.2 and 2.2
respectively. These maximal gains occur at 0~- 9 MHz. The gain region is a bit narrower and spans around 16 MHz,
also measured as FWHM.

For A= 1300 MHz maximal gain of the conjugate and the probe is 5.9 and 1.7 respectively which is lower than for the
A=1000 MHz case. They are placed around ©~-5 MHz. Gain region is even narrower and spans about 12 MHz.
Regarding to the measurements, the highest gains are achieved for A=1000 MHz. Possible reason for that is the

competition between the resonant absorption and the FWM process. The probe and the conjugate photons which are
created in the FWM process are subjected to the resonant absorption on the Dy line. Increasing the detuning of the pump
and with it the detuning of the probe and the conjugate decreases the probability for resonant absorption, but decreases
the probability for FWM process as well. The optimum is found at the wing of the Doppler profile (the width of the
Doppler profile for *’K vapor at t=100°C is 860 MHz'’) which is in our case about 1000 MHz. The conjugate is detuned

about 920 MHz (two hyperfine splitting of ground states plus ¢ ) more from the D, line than the probe which may
explain its larger gain.
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4. CONCLUSION

We have demonstrated non-degenerate four wave mixing in hot potassium vapor based on coherent population trapping.
The experiments of this type and generated twin beams are mostly used further for relative intensity squeezing and sub
shot noise measurements. Unlike of ours, most of the experiments with similar problematic are performed in rubidium or
cesium vapor. FWM process in potassium vapor is predicted to yield lager gain due to smaller ground state hyperfine
splitting and thus smaller mutual detuning of the two lambda schemes.

The achieved effect is examined for maximum gain regarding to two most important parameters, one and two photon
detuning. Counter intuitively we found out that maximum gain is achieved for non zero two photon detuning. This
finding is in accordance with results of Turnbull ez al'. Also, one photon detuning for the maximum gain is determined.
Other parameters, such as vapor temperature, mutual pump-probe angle and intensities were fixed in the experiment, and
the dependence of the FWM process on those parameters is not examined in details in this study.

These parameters will be investigated in the future studies, aiming to characterize relative intensity squeezing, and
achieve noise below standard quantum limit.
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Abstract

The method of constrained dynamical systems on the quantum-classical phase space is utilized to
develop a theory of quantum-classical hybrid systems. Effects of the classical degrees of freedom
on the quantum part are modeled using an appropriate constraint, and the interaction also
includes the effects of neglected degrees of freedom. Dynamical law of the theory is given in
terms of nonlinear stochastic differential equations with Hamiltonian and gradient terms. The
theory provides a successful dynamical description of the collapse during quantum measurement.

Keywords: quantum-classical systems, degrees of freedom, hybrid theory

1. Introduction

The general motivation for hybrid theories of quantum-classi-
cal systems are given in the contribution by Prof. H-T Elze [1].
Hybrid theories can be divided into two groups according to
the conceptual status and aims. In the theories of the first group
one considers all systems in nature as described at the funda-
mental level by quantum theory and therefore the hybrid sys-
tem is an approximation of two interacting quantum systems,
where one of the systems is treated in the corresponding
classical limit [2-4]. In the other approach, one assumes from
the beginning that the classical and quantum mechanics are
both correct theories with different domains of validity (illus-
trative examples of this approach are given in [5, 6]). The only
restriction on the descriptions of the quantum-classical (QC)
interaction is then given by the experiments involving micro-
macro objects and the phenomenological collapse postulate. Of
course, it is clear that a macro-object has many degrees of
freedom which are not described by the macroscopic model of
the classical theory. The effects of those degrees of freedom
have to be somehow included into the manner a hybrid theory
treats the QC interaction. The hybrid theory constructed in the
present paper presents a particular way of doing this.

2. Construction of the hybrid theory

The mathematical framework of the hybrid theory to be
developed is that of an abstract dynamical system

0031-8949/14/014003+04$33.00

(M, 2, G, H) on a differentiable manifold M with sym-
plectic and Riemannian structures £2 and G respectively, with
some preferred function, the Hamiltonian H. Let us stress
right at the beginning that the dynamical law of the hybrid
theory need not be of the Hamiltonian form, but will involve
differential equations on M given in terms of £2 and G. The
manifold is also assumed to possess a complex structure
J*=—1, where I that
G (x,y) = Q(x, Jy).

Formulation of the classical mechanics of isolated con-

stands for identity, such

servative systems using (M, 2, H) is standard [7]. The for-

mulation of quantum mechanics in terms of ( M, Q2 G, H ) is

perhaps less well known, but shall not be presented here in
any detail since there exist excellent reviews [8] and brief
accounts [9-11] which are sufficient for our purposes. The
generic point from M is usually denoted by (x, y), X or X,
where a = 1, 2, ...2N is an abstract index. In what follows
the symplectic and Riemannian structures on the quantum
phase space are denoted by w® and g*. The Hamilton’s
function H(X) is given by the quantum expectation of the

Hamiltonian A in the state ‘y/X> corresponding to a point X:

H(X)= <1//X |I:I|1//X> / <1//X‘1/1X>. In fact, all observables are

represented by quadratic functions A(X) on M, and are the
quantum mechanical expectations of the corresponding

quantum observables A (X) = <l//X|A|l//X >/< 78 ‘l//x > The

© 2014 The Royal Swedish Academy of Sciences Printed in the UK
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Schrédinger dynamical law is that of Hamiltonian mechanics

X = w"V,H. (1)

2.1. Elements of the hybrid model

In the hybrid theory to be constructed, the hybrid phase space
M is assumed to be given by the Cartesian product
M=M,x My X M,,. Local canonical coordinates are

separated into three groups: (g, p), (Q, P) and (x, y). The first
two groups (¢, p) € M,, and (Q, P) € M, correspond to

the degrees of freedom of the macroscopic system, and the
third (x, y) € M,, to the degrees of freedom of the micro-

scopic quantum system, called quantum degrees of freedom
(QDF). The coordinates (g, p) represent (usually a small
number of) distinguished macroscopic degrees of freedom of
the macroscopic object. They are supposed to be well
described by classical mechanics and are called classical
degrees of freedom (CDF). If in a particular physical situation
there are no degrees of freedom that are well described by
classical mechanics then the whole idea of hybrid description
is meaningless.

The degrees of freedom denoted by (Q, P) describe the
physical quantities that are not used in the characterization of
the CDF of the macroscopic object nor of the QDF of the
micro-system. Apart from the fact that there are many of these
degrees of freedom, nothing else about their character is
assumed in the hybrid theory. One could argue that the
acroscopic system is composed of quantum microscopic
components which interact and entangle with the micro-sys-
tem. Therefore, the hybrid theory, with no possibility of
explicit entanglement between CDF and QDF, must take the
fact of entanglement due to micro-system and micro-com-
ponents of the macro-system into account in some manner.
The influence of (Q, P) degrees of freedom on the CDF-QDF
system might be interpreted partly as due to the entanglement
between the micro and macro-system, and partly due to the
physical interaction of the micro degrees of freedom of the
macro-system with QDF and with CDF. Alternatively, one
could just conceive (Q, P) degrees of freedom as a sufficiently
general type of environment of the CDF-QDF degrees of
freedom.

Interactions between various types of degrees of freedom
might be of a different nature. We shall assume that the
interactions between (g, p) and (x, y) are conservative and
described by the corresponding Hamiltonian. On the other
hand, interactions between the unspecified degrees of freedom
(Q, P) and the QDF (x, y) might be more general, and are
described by a complex Hamiltonian of the form

H, (x, y, 0, P) =F (Q, P)A (x,y) where A(x,y) is a
quadratic function of (x, y) corresponding to the operator A of
the micro-system and F(Q, P) = I (Q, P) + iF (Q, P) in
terms of real functions F, (Q, P)and F, (O, P). Of course, the
equations of motion for the real coordinates (¢, p, x, y) must
be expressed only in terms of real quantities. The dynamics of

the total system is thus determined by the complex Hamil-
tonian of the following form

H=H,(q.p) +H,(x,y) + Hy (Q. P)
+1(q. p)A(x,y) + F(Q. P)A(x, y), )

where the notation is obvious. We have neglected the influ-
ence of (Q, P) on CDF (g, p) but this can be easily added.

2.2. Dynamics of QDF

The main requirement on the hybrid theory of QDF evolution,
based on the collapse model, is that if the state of the quantum
system is a superposition of A eigenstates then, because of the
interaction with the macro-system, the state must evolve
towards one of the A eigenstates. However, such behavior is
not obtained starting from the Hamiltonian dynamics with the
Hamiltonian (2) of the hybrid. One is therefore forced to
adopt different approaches in modeling the collapse require-
ments. One approach, adopted here, is to consider the collapse
requirements as appropriate constraints onto the otherwise
Hamiltonian dynamics and to derive the dynamical law as the
constrained dynamics.

The eigenstates of any observable A are characterized by
A A\2
the property that the dispersion AA = <A2> - <A> is equal
to zero. In the case when all observables {An} interacting
with the macro-system commute, the relevant constraint
might be given in the form

Ty (x,y) = ) A4, (x,y) =0, 3)

which corresponds to a common eigenstate of all the obser-
vables {A" } Generalization to several non-commuting
observables mediating the QC interaction is not trivial and is
indicated in [12].

Besides the appropriate constraint we shall also suppose
that the complicated functions of time Q (¢), P (t) are well
approximated by white noise. The full derivation of the
resulting dynamical equations is given in [12]. The result is
the dynamical equation of QDF in interaction with the macro-
system, given by the following stochastic differential equation
of a non-autonomous diffusion process,

dX“ = o™V, (Hq +f (g, p)A(x, y))dt

—k {I—;\’ H‘I}
VL, I1*
+ gV, A dW,. 4)

¢V, I dt + " V,A dW,

The equation (4) is the main dynamical equation of the
QDF interacting with the macro-system of the hybrid theory
developed here. The free parameter k € [O, 1] takes the
value k = 1 if the dynamics of isolated (g, p) degrees of
freedom is well described by classical mechanics. This cor-
responds to the proper hybrid theory. At the other extreme are
the systems where isolated (g, p) degrees of freedom are



Phys. Scr. T163 (2014) 014003

N Buri¢ et al

described also by quantum mechanics. In this case k = 0. The
first part of the drift in (4) describes Hamiltonian evolution
with the Hamiltonian H, (x, y) + f (¢, p)A (x, y). The sec-
ond term of the drift represents a gradient flow with the
tendency to decrease the total dispersion AA =}’ AA,. The

joint effect of the Hamiltonian and the gradient drift terms is
to preserve constant the total dispersion (when k = 1). If there
is only one observable A (x,y), or a set of commuting
observables, then the role of the gradient terms is to force the

evolution towards the common eigenstates of {An } If the

observables {An } do not commute, then there is a competition

of tendencies due to the corresponding gradient terms. If these
observables generate a representation of a semi-simple Lie
algebra, then the gradient terms drive the system towards the
invariant manifold of the coherent states of the algebra.

The stochastic terms are divided into two quite different
groups. The Hamiltonian terms, which can be included as
stochastic perturbations of the Hamiltonian, describe the
Hamiltonian influence of the (Q, P) degrees of freedom on the
motion of the quantum system. The gradient stochastic terms,
on the other hand, describe the influence of (Q, P) degrees of
freedom which is not Hamiltonian. However, as opposed to
the Hamiltonian stochastic terms, the gradient stochastic
terms induce localization onto the constraint manifold.

2.3. Dynamics of CDF

Classical degrees of freedom (g, p) satisfy the Hamiltonian
evolution equations given by the Hamiltonian (2). The
equations in terms of (g, p) are

_9H,(q.p) AL Y) 9 (g, p)
op ’ 0
0H,, (g, of (g,
p=— (g p)_A(x,y) f (q.p) )
dq dq

The evolution of CDF is also stochastic because the quantum
observables A (x (1), y (t)) evolve stochastically. We have

neglected possible direct stochastic perturbation of (g, p)
dynamics by Q (), P (¢). This could be included easily, but
does not play any fundamental role.

Remark. Most of the well known dynamical collapse
models are given as nonlinear and stochastic modifications of
the Schrodinger equation, and contain the Schrodinger term,
the nonlinear gradient term and the stochastic term [13, 14].
One such equation, with minimal appropriate generalization,
can be postulated for the QDF dynamics of the hybrid and
coupled with the Hamiltonian equations for the CDF. An
example of such approach is studied in [14]. The result is a set
of stochastic differential equations of the form similar to (4).
However, there are technical and conceptual differences [12].

2.4. Quantum measurement process

Additional assumptions can be used in order to simplify the
evolution equations (4) and (5) in the case of a quantum
measurement process. One such approximation is based on

the assumption that the dynamics of QDF is much faster than
that of CDF. Consequently, one can replace in (4) the func-
tions (q ), p (t)) with their initial values (g, p)). The
equation for QDF becomes autonomous.This is useful for an
analytic treatment of the asymptotic states using methods of
stochastic stability analysis. The situation when QDF and

CDF are coupled via only one observable A with the inter-
action term given by H,, = pA (x, y), and when the gradient
terms dominate the QDF dynamics, corresponds to the pro-
cess of measurement of A. Numerical computations [12]

show that the state A, and the probability of the asymptotic
eigenstate (x,, y ) depends on its distance from the initial state

x, Yo = @), 1.6 01 || <l//[,m.t a> II’. At the same time, the

dynamics of the apparatus is dominated by the asymptotic

eigenvalue. Thus, the approximate equations describe well the
dynamics and the results of the measurement process.

3. Summary

Our goal was to derive a theory that provides a dynamical
description of the Schrodinger evolution supplemented with the
collapse postulate. It is assumed that such a theory would
suggest a unified dynamical description of system with quan-
tum and classical degrees of freedom. The basic requirement
imposed on the theory is to obtain dynamical equations of the
hybrid systems such that the sum of dispersions of the quantum
observables that figure in the quantum-classical interaction are
constrained to be minimal during the evolution. The crucial
assumption that was used to simplify the constrained equations
is that the dynamics of the unobserved degrees of freedom is to
be replaced by white noise. Furthermore, it was assumed that
part of the interaction with the unobserved degrees of freedom
is described by a complex Hamiltonian, but the equations for
the real canonical coordinates (g, p, x, y) are real. The
resulting evolution of the hybrid system is nonlinear and sto-
chastic. If the hybrid system is intended as a model of the
measurement process of one observable, then the constraint
gives the dynamics with eigenstates as attractors, and the sto-
chastic term describes the stochastic nature of the process with
the correct probabilities for different asymptotic eigenstates.
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Cloning in nonlinear Hamiltonian quantum and hybrid mechanics
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The possibility of state cloning is analyzed in two types of generalizations of quantum mechanics with nonlinear
evolution. It is first shown that nonlinear Hamiltonian quantum mechanics does not admit cloning without the
cloning machine. It is then demonstrated that the addition of the cloning machine, treated as a quantum or as a
classical system, makes cloning possible by nonlinear Hamiltonian evolution. However, a special type of quantum-
classical theory, known as the mean-field Hamiltonian hybrid mechanics, does not admit cloning by natural
evolution. The latter represents an example of a theory where it appears to be possible to communicate between
two quantum systems at superluminal speed, but at the same time it is impossible to clone quantum pure states.

DOI: 10.1103/PhysRevA.90.042115

I. INTRODUCTION

The impossibility of cloning unknown quantum states is
a fundamental property of quantum systems [1,2]. It has
been used as a basis for information theoretic axiomatization
of quantum mechanics (QM) [3] and is crucial in several
quantum-information-processing tasks [4]. Roughly speaking,
state cloning is a process which involves at least two systems:
an object system whose state is to be cloned and a target
system whose state is transformed into the state which is
equal to the state of the object system. Often, and in order
to allow for the most general type of process, one includes
also an ancilla system, which in the context of cloning is
called the cloning machine. Standard simple proofs of no
cloning involve properties of quantum processes, such as (a)
linearity or (b) preservation of a nontrivial distance between
quantum states, and also use (c¢) the direct product structure
of composite quantum systems. The properties (a), (b), and
(c) are not independent in QM, but each of them implies
crucial differences between QM and classical mechanics
(CM). Modifying any of the three properties leads to gen-
eralization of QM, which is also different from CM. Some of
generalizations are mathematically inconsistent or in conflict
with other fundamental physical theories like special relativity
or thermodynamics [5,6]. Depending on the modification,
cloning of states in the modified theory might, but need not, be
possible. The possibility of cloning in a modified theory need
not be related to superluminal signaling, like it is in standard
QM. 1t is the purpose of this paper to discuss possibility of
cloning in two types of modifications of QM. Both types
of modified theories are formulated in the framework of
Hamiltonian dynamical systems (HDSs). Standard QM can
be formulated as a linear HDS on an appropriate phase space
[7,8]. Mathematically consistent generalizations of QM can
be obtained by modifying some of the standard QM properties
but remaining within the framework of HDS. It is known that
cloning is possible in classical mechanics with Hamiltonian
dynamics [9]. Thus, it is interesting to investigate the possibil-
ity of cloning within different Hamiltonian generalizations of
QM. The first class of modified theories that we study retains
all the kinematical properties of QM in HDS formulation

“buric@ipb.ac.rs
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but allows evolution given by general nonlinear Hamiltonian
equations. Weinberg [ 10] and Bialynicki—Birula and Mycielski
[11] nonlinear Schrodinger equations are actually of this
type. We abbreviate this type of theories as NHQM, which
stands for nonlinear Hamiltonian QM. The second type of
modified theory assumes that some of the degrees of freedom
(DFs) of the HDS corresponding to a bipartite system are
constrained to behave as classical DF [12,13]. We call this
type Hamiltonian hybrid mechanics (HHM). The constraint
implies nonlinear evolution of both classical-like DF (CDF)
and of quantum DF (QDF) [12,14], but also changes the way
in which the phase spaces of QDF and CDF are composed
to form the phase space of the total hybrid system. Thus, in
these types of theories the evolution is nonlinear and the tensor
product rule is not valid for all DF. Our main results are (a)
self-replication, i.e., a type of cloning in the restricted sense
without the cloning machine, is impossible in NHQM; (b)
inclusion of a quantum cloning machine makes the cloning
in NHQM possible, and (c) cloning with the object and the
target quantum systems and a classical cloning machine is
also possible with nonlinear hybrid evolution. Thus, these two
types of nonlinear generalizations of quantum mechanics, in
which the evolution of the total system is Hamiltonian, allow
the cloning of quantum states by natural evolution. However,
cloning is impossible in a type of HHM with the Hamiltonian
of a special mean-field form. These results are to be contrasted
with the known result that the cloning is impossible within
bipartite classical Hamiltonian systems (object and target),
but becomes possible within three-partite systems [9] (object,
target, and cloning machine). In the latter case the cloning can
be achieved by a linear symplectic map [9]. Thus, it seems
that if the object and the target are quantum (tensor product)
and the evolution of the total system that includes the machine
is Hamiltonian, then the cloning map is necessarily nonlinear,
irrespective of the quantum or classical nature of the cloning
machine. However, if all three systems are classical (Cartesian
product), then the cloning is possible by linear transformations
which are symplectic on the total phase space.

The structure of the paper is as follows: The next section
serves to recapitulate, very briefly, the Hamiltonian formu-
lation of QM and of the HHM, and then to formulate the
definitions of the the cloning and self-replication processes in
NHQM and in HHM. In Sec. Il we prove our main results
concerning the cloning (and self-replication) in NHQM and in

©2014 American Physical Society
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HHM. Section IV contains several remarks which provide a
discussion of our results. A summary is given in Sec. V.

II. FORMULATION OF CLONING IN HAMILTONIAN
QUANTUM AND HYBRID THEORIES

A. Hamiltonian formulation of quantum mechanics
and of hybrid mechanics

1. Hamiltonian quantum mechanics
and nonlinear generalizations

Quantum and classical mechanics can be formulated by
using the same mathematical framework of Hamiltonian
dynamical systems (M,w,H), where M is a symplectic
manifold, w is the corresponding symplectic structure, and
H is the Hamilton’s function. Formulation of the classical
mechanics of isolated conservative systems using (M,w, H)
is standard [15]. The formulation of quantum mechanics in
terms of (M,w,g,H), where g is an appropriate Riemann
structure, is perhaps less well known but shall not be presented
here in any detail since there exist excellent reviews [7,8].
Very briefly, the basic observation beyond the Hamiltonian
formulation of quantum mechanics is that the evolution of
a pure quantum state in a Hilbert space H", given by the
Schrdédinger equation, can be equivalently described by a HDS
on an Euclidean manifold M = R?". Here N is the complex
dimension of the relevant Hilbert space. The manifold M is
just the Hilbert space considered as a real manifold, with the
symplectic and Riemann structures given by the real and the
imaginary parts of the Hilbert scalar product. The manifold
also possesses an almost complex structure J> = —1I such that
g(x,y) = w(x,Jy). Normalization and global phase invariance
of quantum states can be incorporated into the formulation of
the phase space of quantum states which is the projective
space PHN 1 ~ §2N-1/8! with the corresponding symplec-
tic, Riemann, and almost complex structures. However, in
our computation we shall use the Hamiltonian formulation
based on R?", so that, when treating the problem of cloning,
we shall have to take care of the global phase invariance
explicitly. Representing a normalized vector |¢) € HY in
an arbitrary basis {|ej)}§"=1 as |y) = Z;V:l cjlej), one can
introduce the real canonical coordinates x; = (c; + ¢;)/~/2h,
yj =i(cj; — cj)/\/ﬁ, j=12,...,N, where bar indicates
complex conjugation. Change of the basis by a unitary map
involves a linear symplectic transformation of the canonical
coordinates. A generic point from M will also be denoted by
X or X%, wherea = 1,2, ...,2N is an abstract index, such that
X4 =x44a=12,...,.Nand X* =y,,a=N+1,...,2N.
If we want to stress that the point X corresponds to the vector
[y) € HY we write Xy, and vice versa |yyx) for the vector
corresponding to the point X. It should be stressed, perhaps,
that the canonical coordinates (x;,y;) have nothing to do with
the canonical coordinates of the classical system that after
quantization gives the considered quantum system with the
Hilbert space " . The Hamilton’s function H(X) is given by
the quantum expectation of the Hamiltonian H in the state
[Yx): HX) = (Wx|H|¥x). The Schrodinger dynamical law
is that of Hamiltonian mechanics:

X = 0"V, H, (D
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where w is the standard unit symplectic matrix

(2

where 0 and 1 are zero and unit matrices of dimension N.

In the Hilbert space QM and in Hamiltonian CM the
dynamical variables can be introduced formally as generators
of the isomorphisms of the respective relevant structures.
In QM these are self-adjoined operators generating unitary
transformations that preserve the Hilbert scalar product. In
the Hamiltonian formulation of QM the Hilbert scalar product
generates both the symplectic and the metric Riemann struc-
tures. The symplectic structure is preserved by Hamiltonian
vector fields of arbitrary smooth functions, but the metric
is preserved only by the Killing vector fields, i.e., by the
Hamiltonian vector fields generated by quadratic functions
of the canonical variables. In particular, the unitarity of the
QM evolution implies that the Hamilton equations (1) are
linear. All observables are represented by quadratic functions
A(X) on M and are the quantum-mechanical expectations of
the corresponding quantum observables A(X) = (¥x|A|¥x).
On the other hand, the canonical coordinates of the quantum
phase space do not have physical interpretation. It is important
to observe that the Poisson bracket between two quadratic
functions is also a quadratic function and satisfies

1 A A
{A1(X), Ax(X)} = — {Yx[[A1, A2]l¥x). 3)

In what follows we shall need to consider a bipartite
quantum system composed of two systems with Hilbert spaces
Hf’l and Hévz. The phase space of the total system is the
manifold M, = R*V™ ~ 1\ @ H2"2. Of course, the space
M, is much larger than the Cartesian product M; x Mo,
which is relevant for the formation of classical compound
systems. If |e}) and |e}) are basis vectors in HY' and H)”
respectively, with the corresponding canonical coordinates
(xj,y}) and (x7,7), then the canonical coordinates (x,,y,?)

corresponding to the basis |e}) ® |e,f) in H{V '® Hévz are given

by rather complicated formulas in general. Fortunately, we
shall need only the formulas in the most simple cases, further
simplified by a special choice of the target system state before
the cloning transformation. In what follows we denote the
composition of phase spaces of two systems with phase spaces
M and M, by M| ® M, which means M, in the quantum
and M x M, in the classical case.

The Hamiltonian formulation of QM suggests natural
formal generalizations [7]. Several such generalizations could
be seen as special cases of the theory called extended quantum
mechanics which was introduced and extensively studied in
Ref. [16]. The most obvious one is to consider a theory where
the evolution can be generated by functions which are not
quadratic [7,10,17] but to retain the assumption that only
the quadratic functions correspond to physical observables,
and to retain the composition rule for compound systems.
This would correspond to a nonlinear Schrédinger evolution
equation. Such a theory, which we abbreviate by NHQM, is
still a HDS with the same set of states and observables as in
QM, but the Hamiltonian evolution equations are nonlinear
and the metric is not evolution invariant. Since the proofs

042115-2



CLONING IN NONLINEAR HAMILTONIAN QUANTUM AND ...

of the no-cloning property in QM are based on linearity or
unitarity of the QM evolution, it is interesting to investigate if
the cloning is possible in NHQM.

2. Hamiltonian hybrid theory

There is no unique generally accepted theory of interaction
between micro and macro degrees of freedom, where the
former are described by quantum and the latter by classical
theory. The reason is primarily because each of the suggested
theories has some unexpected or controversial features (see
Ref. [13] for an informative review). Partial selection of hybrid
theories can be found in Refs. [18-23]. Some of the suggested
hybrid theories are mathematically inconsistent, and “no-go”
type theorems have been formulated [24], suggesting that
no consistent hybrid theory can be formulated. Nevertheless,
mathematically consistent but inequivalent hybrid theories
exist[13,22,23]. The Hamiltonian hybrid theory, as formulated
and discussed, for example, in Refs. [12,13], has many of the
properties commonly expected of a good hybrid theory. In
fact, the dynamical formulas of the Hamiltonian theory are
equivalent to the well-known mean-field approximation, the
main novelty being that the theory is formulated entirely in the
framework of the theory of Hamiltonian dynamical systems,
which enables useful insights and methods of analysis [25-27].
Analysis of cloning in the Hamiltonian hybrid system is one
such application. In fact, we analyze the possibility of cloning
in general HHM where the Hamiltonian is not necessarily of
mean-field form and contrast the results with the HHM of the
restricted type where the Hamiltonian is of mean-field form.

The phase space in the Hamiltonian theory of a hybrid
classical-quantum system, denoted by M, is considered as a
Cartesian product M = M, x M, of the classical subsystem
phase space M, with dim M, = 2N, and of the quantum
subsystem phase space M, with dimM, =2N,. Local
coordinates on the product are denoted (gq,p,x,y), where
(g,p) € M_ are called the classical degrees of freedom (CDF)
and (x,y) € M, are called the quantum degrees of freedom
(QDF). Notice that the classical and the quantum parts are
composed as if both were classical, i.e., there is no possibility
of entanglement between CDF and QDF. Generalized Hamil-
tonian hybrid theory is given by a Hamiltonian dynamical
system on the phase space M = M, x M. In the general
case, nothing is supposed about the total Hamiltonian, and
it is only the structure of the phase space that justifies the
terminology of hybrid quantum-classical systems. The Poisson
bracket on M of arbitrary functions of the local coordinates
(g,p,x,y) is defined as

ANYET
{fl,fz}M=Z(8—Qa—f—

i=1

9q; op;
Nq
sy,

= 3.Xj Byj ij 8yj

Thus, the Hamiltonian form of the hybrid dynamics on M as
the phase space reads

p={p.H}m,
y={y.H}m. (&)

g ={q,H}m,
x = {x,H}m,
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where H is an arbitrary smooth function on the total phase
space M.

A particular case of HHM, treated, for example, in
Refs. [12,13] and equivalent to the mean-field approach,
is obtained by further assumptions about the form of the
Hamiltonian. The evolution equations of the hybrid system
are in this type of HHM given by the Hamiltonian of the
following form:

Hi(q.p.x,y) = (Yxy|Hy + Vinlq, D)Vx.y) + He(q. p)
= Hv(qvp) + Hq(x,y) + Vint(q»psx’y)v (6)

where H, is the Hamilton’s function of the classical
subsystem, H,(x,y) = (Wx,y|1:14 [Vx,y) 1is the Hamilton’s
function of the quantum subsystem, and Viy(q,p,x,y) =
(Yrx ‘A/im(q,p)h/fxﬁy), where Vin(g, p) is a Hermitian operator
in the Hilbert space of the quantum subsystem which depends
on the classical coordinates (g, p) and describes the interaction
between the subsystems. Despite the fact that the Hamiltonian
is a quadratic function of QDF (and arbitrary function of CDF)
the evolution of the QDF is nonlinear because of the coupling
between QDF and CDF.

It is important to mention the evolution of statistical ensem-
bles of hybrid systems in this type of HHM. Such an ensemble
is described by a probability distribution p(q, p,x,y), which
evolves by the Liouville equation with the Hamiltonian (6).
The following expression:

Aty = /M p(q.pox.y: OFI(x . y)dxdydqdp

- f py(roy: DFCxy)dxdy = / palq.p:dgdp.
M M

(7

where I1(x,y) is a normalized projector onto the vector |1/, v)s
is a well-defined density matrix representing a state of the
QDF at each ¢. There are many p,(x,y;t) giving the same
density matrix p(t). From the evolution equation satisfied
by Eq. (7), or from Eq. (5), it is seen that a pure state
[Y(2)) (W (¢)| obtained from an initial ensemble p(g,p,x,y) =
5(q — 40)3(p — po)S(x — x0)8(y — yo) with CDF (and QDF)
in pure states is always a pure state of QDF. The evolution
equation satisfied by this pure state is in the form of a
(linear) Schrodinger equation with the Hamiltonian which is a
Hermitian operator that depends explicitly on (g(¢), p(¢)). On
the other hand, if the CDF are initially in a mixed state, a pure
state of the QDF will evolve into a mixed state. Furthermore,
it was shown in Ref. [26] that the evolution of a general p(¢)
will involve explicitly the convex expansion (7), and not only
p(t). Therefore, it seems that this type of HHM can be used
for superluminal communication between distant subparts of
the quantum DF.

Discussion of cloning within the restricted type of HHM
with the classical part playing the role of the cloning machine
requires special treatment as compared with the general HHM.

B. Definitions of cloning and self-replication

Cloning is a process involving three systems: the object
system S, with the state space S,, a target system S; with the
state space S; the same as that of S,, and an auxiliary system,
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the cloning machine S,,,, with the state space of dimension M
that is not specified in advance. It is said that cloning of some
arbitrary object state X, € S, is possible if there is a state of
the target X, ;, € S; and a state of the machine X, ;, € Sn
such that

Xo © Xt,in © Xm,in — Xo © {Xr = Xo} © Xm (Xo) . (8)

The arbitrary state of the object system is conserved by cloning;
one fixed state of the target and another fixed state of the
machine are chosen as initial, independently of the object state.
The fixed initial target state is mapped into the initial state
of the object. The final state of the machine might depend on
the object state X,. It is not assumed that the final machine
state is uniquely related to X,. Observe that the possibility
of cloning does not imply that the cloning is achieved with
any initial target and machine states, but only with a specific
choice of these states. The domain and the range of the cloning
map (8) are proper subsets of the sets of possible states of the
object + target 4+ machine system.

The system S, | J S; | S, is characterized by its natural
evolution, and the question is if the cloning map belongs
to that class. In our case the natural evolution is given by
a Hamiltonian flow on S, ©® §; ® S,, and thus preserves the
symplectic structure on S, © S; © S, In NHQM all three
systems are quantum and, as was stated in the previous section,
© is the tensor product. In HHM we shall consider the case
when the object system and the target are quantum and the
machine is classical. Thus, in this case, © between the machine
and object + target is the Cartesian product. Alternatively,
which we shall not do, one could analyze cloning with all
three systems of the hybrid nature. The only fixed property
of the cloning problems within the Hamiltonian framework
is the canonical Hamiltonian evolution and the fact that pure
states are represented by points in the corresponding phase
spaces. If X, and X, represent phase space points in the
Hamiltonian formulation corresponding to the vectors |¥,)
and |y,), respectively, then it is natural to assume that the
cloning is successful if at the output |, ) exp(if) = |¥,), i.e.,

x! cos@ — y'sinf = x!,
yicosf +x!sinf =y,
i=12,....N. )

The role of the machine DF can be justified from two
different points of view. One is the operational point of view,
where the appearance of the cloning machine is natural. The
other role of the cloning machine is to actually enable the
object + target subsystem to evolve in a non-Hamiltonian way.
Quite analogously to the role of the machine in the standard
QM formulation of cloning, here the presence of the cloning
machine enables the total object + target + machine system
to evolve canonically while enabling a more general type of
evolution of the subsystem object + target. In this respect a
related more restrictive problem with no cloning machine
is sometimes considered. Such a process has been termed
self-replication and consists of mapping a fixed state of the
target system into an arbitrary state of the object system,
the latter remaining unchanged, but without any influence
of the third system. In the self-replication process the
object + target system is considered as isolated. Together
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with the problem of proper cloning within NHQM (with the
cloning machine) we shall also analyze the possibility of
self-replication in such theories.

III. MAIN RESULTS

Our strategy to analyze the possibility of self-replication
and cloning will be the same in NHQM and HHM. Let us
denote by M., the total phase space of the object + target +
machine system. By M;,, C M, we denote the submanifold
of the total phase space of the form M, © X, i» © Xpm.in,
where X, ;, and X,, ;, are specific initial vectors representing
states of the target and the machine, respectively. We shall
all the time deal with vectors of unit norm. Similarly, we
denote by My C M., the submanifold which is the image
of M;, by the cloning map. Points in M, are of the
form X, © X, © X, (X,), X, € M,, and thus dim M, =
dim M;,, = dim M,,. We then choose an arbitrary point X €
M, and two arbitrary normalized tangent vectors gx,hy €
Tx(Mi,) C Tx(My). The value of the symplectic area
wx(gx,hx) is then computed. Cloning (or self-replication) is
represented by the mapping ¢ : M,;, — M ; with the tangent
map ¢, : Tx(M;,) = Tpx)(M ). Symplectic area between
the images of the two vectors wg(x)(P.gx.¢Pshx) is then
computed. If ¢ is a symplectic map, i.e., can be generated
by a piecewise smooth Hamiltonian flow, then

wp(x) (Px8x,Puhx) = wx (gx,hx) - (10)

If Eq. (10) is not satisfied, for any choice of X, ;,, X in, and
X, 7, then the cloning (self-replication) map ¢ cannot be
realized by a Hamiltonian flow. To apply the procedure, we
shall write explicitly the cloning map ¢ and its tangent map
¢.., corresponding to the phase spaces M;, and M with a
specific choice of the initial target and machine states in the
NHQM and HHM. The only difference will be in the way
the machine phase space M,, is added to the phase space
of the object + target.

In our discussion, we consider the simplest possible systems
as object, target, and machine. The object and the target are
each taken to be a single qubit. An arbitrary state of the object
qubit is a normalized C* vector with complex coefficients
(e, B) corresponding to some basis of S,. Furthermore, the
initial state of the target qubit will be represented by vector
(1,0) in a basis of S, chosen in the same way as the basis
in S,. This does not seem to be a restriction with crucial
consequences, but grossly simplifies explicit formulas for the
self-replication (and later cloning) map.

In the case of NHQM the machine is also a quantum system
and the coupling of it with the object 4 target is via tensor
product. In order to demonstrate that, in NHQM, cloning by a
symplectic (nonlinear) transformation is possible, it is enough
to assume that the cloning machine is also a qubit, set initially
in the state (., Bin) = (1,0), represented in some basis of S,,.
Cloning is also possible by a symplectic map in the case of
general HHM, when the machine is a classical system with
two degrees of freedom and is coupled to the object + target
via the Cartesian product. However, an additional argument is
used to show that in the specific HHM with the Hamiltonian of
the form (6), i.e., quadratic in the QDF, cloning of the quantum
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state is impossible by symplectic transformation generated by
the Hamilton functions of the stated form.

A. Impossibility of self-replication in NHQM

Let us first illustrate the computations for the case of
self-replication in NHQM. The real dimension of M;, with
normalized object states is three. In the complex notation the
initial point in M;, representing the state of object + target
before self-replication is

Xin = (@,0,6,0), o> + |8 = 1. (11

Two normalized tangent vectors g and & in T(M,,,) at X;,, are
given as

8re = (_glfxim + gSﬂre’Oa — 830 — g2:8im,0), (123)
8im = (glare + g3ﬂim,0, — &3%im + gZﬂresO)» (12b)

with arbitrary real numbers g;, g,, and g3 chosen to respect
the unity norm. Analogous formulas apply to 4,. and h;,,.
Subscripts re and im stand for real and imaginary parts. The
skew product of the two tangent vectors is

w(gvh) = [g3(h1 - h2) + (g2 - gl)h:‘?](areﬂre + aimﬁim)'
(13)

In formulas (12) and (13) we have, for the sake of brevity,
skipped the subscript indicating the related point X;,,.

Image by the self-replication map ¢ of X;,, again in the
complex coordinates, is given by

Xy = (B, o, ) explif(a, B)]. (14)

Notice the arbitrary phase factor added to the result of the
self-replication operation. Images of g and & by the tangent
map ¢, are given by rather long formulas which we do not
reproduce here. However, the skew product of ¢, g and ¢,/ at
the point X / is given by

o(Pxg, ) = 2[g3(h1 — h2) + (g2 — g1)h3]
X (CtreBre + aimﬁim)ﬂalz + |,3|2) (15)
Notice that the previous result is independent of arbitrary phase

factor. The ratio of the symplectic areas after and before the
application of the self-replication map is

(.8 p.h)
w(g,h)

Thus, the self-replication map does not preserve the skew
product and therefore cannot be realized by any symplectic
map between M;, and M ;.

=2(la|* + B} = 2. (16)

B. Possibility of cloning in NHQM

Consider now the proper cloning map in NHQM with the
quantum machine included. Since we shall see that the cloning
map is symplectic with the cloning machine given by a qubit,
it is enough to assume this simplest realization of the machine.
The final state of the machine («,,r,Bnyr) is free to chose, and
the choice can be done such that the factor of two appearing
in the result of self-replication (16) can be canceled.

Formulas for the initial point and its image by the cloning
map for the indicated choice of initial states of the target and
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the machine in the complex notation are given by:
Xin = (¢,0,0,0,8,0,0,0), (17)
Xy = (&P mp .0 By 0Bt BBy,
X aBttf,BBns B s B B ) (18)

where (e r,Bmr) denote the final state of the machine. The
tangent vector g is given by

8re = (—81%im + 836r,0,0,0, —g30,, — 82Bim,0,0,0),
(19a)

gim = (81%r¢ + &3Bim»0,0,0, —g30im + £28¢,0,0,0),
(19b)

and analogously for 4. The skew product between g and /
is

Ct)(g,]’l) = [g3(hl - hZ) + h3(g2 - gl)](areﬁre + Oli}’n/gim)'
(20)

The images of g and h by the tangent map, their skew
product, and the ratio w(¢,g,¢.h)/w(g,h) are given by rather
long formulas, which depend on the final machine state.
However, we have found that the choice of final machine
state as (¢t s, Bus) = (a,B), where the bar indicates complex
conjugation, renders the ratio equal to unity for the normalized
state («, ) of the object. Therefore, the cloning map can be
realized by a symplectic transformation. From the standard
QM it follows that the symplectic cloning transformation in
NHQM must be nonlinear.

C. Possibility of cloning in general HHM

We chose the object and the target to be the same systems
and to be in the same states as in the case of NHQM. The
machine is chosen to be a convenient classical system with
two DF and coordinates (q1,;,92msPim»>P2m) O in complex
notation (qim + iPim-g2m + ipam) = (¢, Bm). Formulas for
the initial point for the indicated special choice of initial target
and machine states are given in the complex coordinates by

Xin = («,0,8,0,1,0). (21)

The machine final state is free to choose. With the choice
(@mp = Otim + (0o, Bus = Pim + iPre) the state after cloning
operation is

Xf = (012,0[,8,,30[,,32,()[,',” + iareaﬂim + ilgre)- (22)
Tangent normalized vector g is given by

(23a)
(23b)

8re = (_glaim + 83/81'6’07 —830re — 82,31'17170,0,0),
gim = (81%¢ + 83Bim,0, —g3im + £28/.,0,0,0),

and similarly for tangent vector h. The skew product
between g and % is given by

(,()(g,h) = [g3(h1 - hZ) + h3(g2 - gl)](areﬂre + aimlgim)-
(24)

The images of the normalized tangent vectors and their skew
product are again given by rather long formulas. However, the
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above choice of the machine final state renders the ratio
0 @ug. ) _
w(g,h) ’
for normalized initial object states. Again, the cloning map can
be realized by a symplectic transformation.

(25)

D. Impossibility of cloning in the HHM with the
specific form of the Hamiltonian

Special form of the hybrid Hamiltonian (6) implies special
status of the cloning operation in this type of HHM, as
compared with the general case. In fact, due to the properties
of the evolution of pure hybrid states, summarized in Sec. II,
pure states of QDF remain pure if the initial state of CDF
is also pure. Furthermore, the scalar product between two
QDF pure states is preserved. Therefore, the standard no-
cloning argument from linear QM applies. Thus, cloning of
quantum states is impossible within the specific HHM with
Hamiltonian (6), and with classical DF assuming the role of
the cloning machine. Here we have an example of a theory
that does not admit cloning of pure quantum states, but whose
natural extension that includes ensembles admits superluminal
communication.

IV. DISCUSSION

Remark 1: Physical interpretation and consequences.
Cloning is commonly considered as an information-processing
task. From this point of view, the problem formulated in Sec.
IT and discussed in Sec. III is rather formal and is concerned
with an idealized system that could never occur in information-
processing protocols with real systems. Pure states of isolated
systems and their idealized evolution are only probabilistically
related to information and its processing. Therefore, the
relation between the system’s states and information must be
probabilistic, and the processing of such information necessary
involves stochastic perturbations. This has been analyzed
in the standard QM [28]. The question of cloning in real,
experimentally available systems was not studied in the present
publication but is important in analyzing the fundamental
and practical consequences. In order to do that, one needs
to use probability ensembles, represented by distributions on
the relevant phase spaces and stochastic evolution equations.
We believe that only with such an analysis could one attempt
to draw conclusions as to the physical consistency of the
nonlinear HQM and HHM.

Remark 2: Cloning vs superluminal signaling. It is well
known that, if cloning would be possible in the standard QM
then, also in the framework of this theory, it would also be
possible to communicate information at superluminal speed.
It has also been claimed that the condition of no superluminal
signaling puts an upper bound on the fidelity of cloning, in
effect excluding the perfect cloning in QM [29]. The condition
of no superluminal signaling is in Ref. [29] expressed in terms
of convex expansions of mixed states. In the opposite direction,
it has been argued [2,17] that a nonlinear evolution of pure
quantum states would enable signaling at superluminal speed.
This is consistent with our results which show the possibility of
cloning in NHQM. However, the argument does not exclude
theories in which pure quantum states cannot be perfectly
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cloned, but the superluminal signaling is possible. Mean-field
HHM with the special form of the Hamiltonian (6) is an
example of such a theory.

Remark 3: Cloning in classical mechanics. It is commonly
understood that perfect cloning of classical information con-
tained in a classical pure state is possible. Of course, in order to
discuss the possibility of cloning, one needs a precise definition
of the state space and the type of dynamics characterizing the
classical system. One formulation of the problem, particularly
relevant in fundamental physics and for comparison with
our results, is for the classical system modeled by using the
framework of classical Hamiltonian dynamical systems. States
of the system, the target, and the machine are described by the
corresponding symplectic manifolds, their union is given by
the Cartesian product and the symplectic structure on the total
space is such that the symplectic structures on the components
are obtained by the corresponding projections. It is known
that the self-replication is not, but the cloning is possible by
symplectic mappings on the total phase space, provided that
the machine space has enough dimensions [9]. The proof of
no self-replication is similar to the case in nonlinear quantum
mechanics, presented in Sec. III. The possibility of cloning
in Hamiltonian CM is established and discussed by concrete
examples of symplectic cloning maps. It should be stressed
that cloning is performed by linear symplectic mapping. On
the other hand, cloning in NHQM and general HHM can
be achieved by a symplectic map which must be nonlinear.
This seems to be the crucial difference between the theories
involving tensor or Cartesian products between the target and
the object systems.

Remark 4: Cloning in classical statistical mechanics.
Evolution of a probability distribution generated by a measure
preserving mapping of a phase space is by definition linear and
preserves the relative entropy between two distributions. These
two properties, i.e., preservation of a nontrivial (quasi) distance
between states and linearity are features of the Schrodinger
evolution of pure quantum states. Also, the space of statistical
states of a compound system, for example, L!(M; x M) can
be considered as the tensor product of L!'(M;) and L'(M,).
Thus, all three ingredients that are used in the standard
proofs of no cloning in QM are also properties of classical
statistical mechanics. Therefore, one expects, and it has been
proved to be true [30], that cloning in classical statistical
mechanics is impossible. Due to the creation of correlations
between the subsystems, it is also possible to formulate the
question of cloning in a more general way, more akin to the
notion of broadcasting in QM. The answer to the question
of possibility of broadcasting in Hamiltonian CM is also
negative [30].

V. SUMMARY

We have analyzed the possibility of exact cloning of
unknown quantum states in two types of nonlinear general-
izations of quantum mechanics. Both types of generalizations
were formulated as Hamiltonian dynamical systems on appro-
priate phase spaces. In the first type, which we called nonlinear
Hamiltonian quantum mechanics (NHQM), the object, the
target and the machine are treated as quantum systems, and it
is shown that cloning can be realized by a nonlinear symplectic
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mapping. On the other hand, the process of self-replication,
involving only the system and the target, cannot be realized by
any symplectic transformation in NHQM. The other type of
nonlinear generalizations of QM which we treated describes
hybrid quantum-classical systems, again using the framework
of Hamiltonian dynamical systems. Here, the object and the
target are quantum, but the machine is a classical system. We
show that there exists a nonlinear symplectic transformation
which realizes the cloning operation. However, the cloning
transformation cannot be realized in the Hamiltonian hybrid
theory of the mean-field type, in which case the Hamiltonian
must be a quadratic function of the quantum degrees of
freedom and an arbitrary one of the classical degrees of

PHYSICAL REVIEW A 90, 042115 (2014)

freedom. It would be interesting to try to extend these
results to the problem of broadcasting of mixed states in the
nonlinear generalizations. This would require analysis of the
Liouville evolution of densities and might result in possibility
of broadcasting also in the mean-field Hamiltonian hybrid
theory.
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Abstract

We experimentally studied the temporal evolution of Zeeman electromagnetically induced
transparency (EIT) resonances induced by the laser resonant to hyperfine transition
FF=2->F=1of 87Rb in a rubidium buffer gas cell. We simultaneously modulated the laser
beam intensity and polarization to achieve the repeated interaction of the laser beam with
coherently prepared atoms. Our cell was placed in a homogenous magnetic field to obtain the
Larmor precession of the phase of coherences. The weak laser beam was used to probe the atoms
at the end of the Ramsey sequence. We measured the transparency of the probe pulse at different
magnetic fields for a given excitation pulse and the period of free evolution of Zeeman
coherences in the dark. From these data, we reconstructed the temporal evolution of EIT
resonances. The Ramsey fringes that appeared on the EIT curves at the beginning of the second
probing pulse disappeared at later moments due to various decay processes.

Keywords: electromagnetically induced transparency (EIT), Zeeman coherences, slow light,

storage of light, Ramsey fringes

(Some figures may appear in colour only in the online journal)

1. Introduction

Electromagnetically induced transparency (EIT) is a phe-
nomenon characterized by a narrow transparency resonance
of a laser field through coherent media, such as alkali atomic
vapor [1]. This effect is of special interest because it allows
for fine control of pulse propagation. EIT-based slow and
stored light observations [2] may benefit telecommunications
and quantum memories.

EIT resonance in Hanle configuration is based on Zee-
man coherences between magnetic sublevels of a given
hyperfine state of an alkali atom electronic ground state.
When such an atom is exposed to the external magnetic field,
its magnetic dipole moment rotates around the field direction
with a Larmor frequency. This allows the possibility for a
Ramsey method of separated oscillatory fields [3]. For
instance, in the interaction of an atom with a first light field,
coherence between atomic levels is created. Under the influ-
ence of the magnetic field, the phase of the rotation of the

0031-8949/14/014038+04$33.00

magnetic dipole moment defines the coherence phase. The
second light field, which can be either spatially or temporally
separated from the first field, probes the coherence [4]. The
result is an interferometric picture with Ramsey fringes in the
probe transparency signal, due to the phase differences
between the coherence and the probe field.

Ramsey-like measurements of Zeeman decoherence that
determine the dumping rate of the oscillations are presented in
[5]. The effects of Ramsey narrowing of EIT resonances due
to atomic diffusion in and out from the interaction region
were discussed in [6, 7]. High contrast Ramsey fringes in a
double A atomic scheme were obtained in [8]. Raman—
Ramsey fringes are also shown in vacuum Rb cells using
time-delayed optical pulses [9] and a probe beam that was
spatially enclosed by the pump beam [10].

In this work, we present the experimental study of the
temporal evolution of the Zeeman EIT resonances based on
repeated interaction of coherently prepared atoms with the
laser beam. The obtained transparency of the o~ probe at

© 2014 The Royal Swedish Academy of Sciences Printed in the UK


mailto:stankon@ipb.ac.rs
http://dx.doi.org/10.1088/0031-8949/2014/T162/014038

Phys. Scr. T162 (2014) 014038

S N Nikoli¢ et al

Rb cell with Ne buffer gas

in magnetic field solenoid Detection

of ¢
polarized
light

AOM A2 P

Pockels cell
voltage driver

SME,

Arbitrary
signal
generator

<+

Figure 1. Experimental setup and atomic transition [15] used in the
experiment. ECDL—external cavity diode laser; Ol—optical
insulator; DDAVLL—Doppler-free dichroic atomic vapor laser lock;
BS—beam splitter; FC—fiber coupler; SMF—single-mode fiber;
FCL—fiber collimator; AOM—acousto-optic modulator;
P—polarizer; PBS—polarizing beam splitter; PD—photodetector.
Hot air is used to heat the cell.

different magnetic fields was used to reconstruct the EIT
resonances at different moments from the beginning of the
probe pulse. The studies of dark states temporal behavior [11]
and transient effects of EIT phenomenon [12—-14] have been
previously shown. In our work, the evolutions of (i) damped
Ramsey fringes on the probe transparency and (ii) recon-
structed EIT resonances during the probe propagation allowed
for unique observation of the development and decay of
Zeeman coherences.

2. Experimental setup

The experimental setup is shown in figure 1. The external
cavity diode laser is frequency locked to the hyperfine
F, =2 — F, =1 transition of the D, line in 87Rb in vacuum
cell using the Doppler-free dichroic atomic vapor laser lock
(DDAVLL) method [16, 17]. Gaussian distribution of radial
laser intensity is obtained using the single-mode optical fiber.
To achieve the repeated interaction of the laser light with Rb
atoms, the power of the acousto-optical modulator (AOM)
first-order diffracted beam is modulated and transmitted
through the cell. The linear polarization of the laser light is
assured by the high-quality linear polarizer. The Pockels cell
and the A/4 plate are used to modulate the polarization of the
laser beam, so that pure ¢* circular polarization is obtained
when no voltage is applied to the cell and some percent of the
o light is produced otherwise. The arbitrary signal generator
is programmed by the computer, whereas its two synchro-
nized outputs control the AOM and the Pockels cell. The Rb
cell containing 30 Torr of Ne buffer gas is 8 cm long and
25mm in diameter. The difference between the
F, =2 — F, =1 transition frequencies in a vacuum and our
buffer gas cell is approximately —20 MHz [18], which in total
gives one photon detuning of —-90 MHz in the experiment,
due to —110 MHz AOM frequency shift in the first diffraction
maximum. The Rb cell was heated using hot air circulating
around the cell. The Rb vapor is shielded from external

magnetic fields by the triple py-metal layers, which reduce
stray magnetic fields below 10nT. To obey two-photon
detuning, a long solenoid placed around the Rb cell produces
a controllable longitudinal magnetic field in the range of +
40 uT. The estimated magnetic field error is on the order of 10
nT. The transmitted o~ laser light is extracted with /4 plate
and polarizing beam splitter (PBS). The ¢~ laser intensity as a
function of applied magnetic field is measured by the pho-
todetector and recorded by the storage oscilloscope. The
intensities of polarization pulses were 4.9 and 0.95 mW cm™
and the cell temperature was set to 67 ° C.

The signals applied to the AOM and the Pockels cell are
shown in figure 2(a). We first generate a 400 us pulse, in
which 15% of the optical power is carried by ¢ polarized
photons. Two coherent light fields (strong 6" and weak o)
pump the Rb atoms into the nonabsorbing dark state. After
completion, the voltage on the Pockels cell is set back to zero
and the AOM is synchronously turned off for 60 us. During
this dark interval, Zeeman coherence makes a Larmor pre-
cession in the external magnetic field. After this dark interval,
the Pockels cell again generates the same elliptically polarized
pulse and the AOM is turned back on to produce five times
weaker light. This second pulse, with 400 us duration, probes
the previously created Zeeman coherences. Finally, we return
the full beam power and set circular 6" polarization during 5
ms to reset atoms back in the ground state before the next
pulse train. In this way, we produced Ramsey-like measure-
ments with two temporally separated polarization pulses.

3. Results and discussions

The o~ transparency signals measured for three different
values of the external magnetic field are shown in figure 2(b).
As expected, in the case of zero magnetic field, we see no
Ramsey fringes in the transparency curve. We measured the
linear dependence of fringes’ frequency on the applied mag-
netic field with a slope close to magnetic sublevels energy
splitting factor of ®’Rb hyperfine state 52S;,, F, = 2 (not
shown). Due to decoherence processes, the oscillations are
dumped.

The noise in figure 2(b) comes from the low transparency
of the ¢ signal and the photo detector’s electronic noise. The
measured value of signal to noise ratio is 12dB in the
21 MHz bandwidth of the entire data acquisition system.
From these data, we were able to reconstruct the EIT reso-
nances at different times during the probe pulse propagation.
First, we set 7 = 0 at the beginning of the second polarization
pulse. Next, we take the values of the ¢ transparency at a
particular time instant ¢ for all magnetic field values and plot
this data set using the B-spline routine. EIT resonances
obtained this way, as shown in figure 3(a), show clean
oscillations because the reconstruction process takes one
transparency value at a time and therefore eliminates the noise
itself. However, because of measurement uncertainty, these
oscillations are not perfect, i.e., fringes of the same order have
slightly different amplitudes. The reconstructed EIT reso-
nances are shown in figure 3 for the Rb density of ~ 4.5-10"!
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Figure 2. (a) The signals used in the experiment: AOM (i) and Pockels cell (ii). (b) Transparency of the ¢~ light measured during the second
probing pulse for various magnetic fields: O uT (i), 2.3 uT (ii), and 3.5 uT (iii).
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Figure 3. Reconstructed Zeeman EIT resonances from the ¢~ transparency signal at different time moments ¢ from the beginning of the

second polarization pulse: (a) = 16 us and (b) ¢t = 328 us.

cm™ and the laser beam diameter of 1.3 mm. Ramsey fringes
were observed at EIT resonances for + < 196 us and vanish at
later moments due to the finite lifetime of Zeeman coherence.
The decay rate of Zeeman coherences y, was obtained by
fitting the o transparency signal (i) from figure 2(b) to
function y = Aje ™ + Aye ' sin (wt + ¢,) (not shown).
The measured y, value is on the order of ~9000s™'. In
figure 3(a), an EIT resonance with oscillation pattern at
t = 16 us is shown. In figure 3(b), an EIT curve at ¢ = 328 us
with no fringes is presented.

4. Conclusion

We experimentally studied the Zeeman coherence using
Ramsey fringes obtained at the transparency signal of the
probe ¢ laser field in the presence of the external magnetic
field. Temporal evolution of Zeeman EIT resonances in Rb
buffer gas cell were also presented. The first polarization
pulse containing weak ¢~ and strong ¢* fields was used to
create Zeeman coherences in Rb atoms. The subsequent
weaker probe pulse with the same polarization state was
produced to probe these coherences. The laser beam was
completely turned off between the pulses to enable free
evolution of the dark state in the magnetic field. The oscil-
latory pattern on the reconstructed EIT curves obtained soon

after the second pulse generation disappeared at later times
because of the various decoherence processes.
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Geometric phase for novel analytical solutions (Barnes and Das Sarma) of time-dependent two-level quantum
systems is discussed, specifically for a general single-axis driving term, which is represented by a function J(¢) in the
Hamiltonian, and its corresponding evolution operator. It is demonstrated how general results for corresponding
phases (total, dynamic and geometric) can be obtained. Using a specific case, it was found that over time in which
the driving field is appreciably different from zero, the corresponding geometric phase changes (in the specific
example by AS =~ 0.8 radians) thus enabling detection. The results are relevant to qubit control and to quantum

computing applications.
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1. Introduction

Driven two-level systems are ubiquitous in quantum
mechanics. Examples of exactly soluble two-level prob-
lems include Landau—Zener [1, 2], and Rabi [3] problems,
Jaynes-Cummings [4] model, and others [6-11]. A new
theoretical approach to the driven two-state system was
recently introduced by Barnes and Das Sarma [12]. This
uses a single-axis control field along the z axis, which is
represented by a driving field J(¢) in the Hamiltonian
(the time varying energy splitting between states):

Iﬂﬂ:;[J§>_gﬂ]. 1)

Here h represents a constant (an energy splitting between
the two levels). The evolution operator, from an initial
time ¢ = 0, to a later ¢, and corresponding to H is repre-
sented by the 2 x 2 unitary matrix

U ~Us 2)
U Upy |’

with |U11(t)‘2 + ‘Ugl(t)|2 =1.

One then uses an innovative approach [12] to solve the
corresponding time-dependent Schrédinger equation for
the evolution operator and obtains the forms for the ma-
trix elements of the evolution operator, Egs. (12)—(16)
in [12].

Tt turns out that the driving field, J(¢), appearing in
the Hamiltonian (1) is related to a function ¢(t), with
corresponding initial conditions given by Eq. (17) in [12],
via

U(t) =

. 2

J(t) = L 3)
V(1 =¢%) = ¢

Such a simple prescription enables one to generate a num-

ber of novel, analytically solvable two-state problems to-

gether with their explicit solutions.

*corresponding author; e-mail: mendas@ipb.ac.rs

With such solutions one is able (at least in principle)
to determine corresponding total, dynamic and geomet-
ric phases [13-19], in order to study and monitor the
time development of the state vectors evolving under the
Hamiltonian given by Eq. (1). This is of interest in the
context of qubit control and quantum computing. The
phases, for a pure state, are as follows. The total phase,
©(0,t), of the state vector |¥,t) = U(t)|¥,0), accumu-
lated during the evolution from an initial time 0 to a
final ¢, is determined by the argument of the inner prod-
uct,

(v,0|7,t) =7r(0,t)exp (ip(0,t)),

©(0,t) = arg [(¥,0[¥,1)]. (4)
Here we restrict ourselves to r(0,t) > 0, so that the two
states in question are not orthogonal, and the relative
phases can be determined. By convention the result of
the argument of the complex number z, arg(z), is always
between —7 and +7. Thus the total phase is in radians
and ranges across this interval. A part of the total phase
is the dynamic phase, which is given by the time integral

of the expectation value of the Hamiltonian (we use units
h=1)

5@&E—A<%ﬂmﬂWﬁMT (5)

The geometric phase is then simply the surplus in the
total phase over 6(0,t):

B(0,1) = ¢(0,t) — 6(0,1). (6)
Thus, in order to determine the geometric phase, the
road is in principle simple. If one can solve the time-
-dependent Schrodinger equation (and this is precisely
the case treated in [12]), the total phase is determined by
the argument of the inner product (¥,0]¥,t), Eq. (4).
Subsequently, the corresponding dynamic phase follows
from the time integral of the expectation value of the
Hamiltonian, Eq. (5). Finally, the difference between the
two, Eq. (6), yields the geometric phase. There are nu-
merous papers related to the geometric phase e.g. [20-22].

Here, in Sect. 2, we first present in some detail the the-
ory on which the results of the calculations reported here

(670)
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are based, while in the subsequent Sect. 3 we describe
the calculation of the phases. Finally a brief summary is
presented.
2. Spin polarization vector

It is convenient to parametrize the time dependent
Hamiltonian operator of a two-level system as

H(t)=Hy(t)la + H(t) - o, (7)
where o denotes the vector of three Pauli 2 x 2 matri-
ces (01,09,03), and 1o denotes the 2 x 2 unit matrix.
In the case of the Hamiltonian (1) one has Hy(t) = 0,
Hi(t) = h, Ha(t) = 0 and Hj(t) = $J(t).

Similarly one parametrizes the 2 x 2 unitary matrix
Eq. (2) as

U(t) =Us(t)ls +iU(1) - o, (8)
with additional condition which stems from the unitarity
condition of the evolution operator U(t): U(t) - U(t) +
U2 = 1. In the case of (2) one has Uy(t) = R{U11(t)},
Ui(t) = S{U2()}, Us(t) = —R{U21(t)}, and Us(t) =
${U;1(t)}, where R and & denote the corresponding real
and imaginary parts, respectively. Finally, the corre-
sponding 2 x 2 density matrix is of the form

o(t) = |0, 0)( 0,1 = 5 (12 + P(1) o). (9)

Here P(t) denotes the time dependent average spin
polarization vector. Using this notation one has, from
Egs. (5) and (6)

©(0,t) = arg (Tr (U(t)p(0))) =

U(t) - P(0)

arctan (Uo(t)

with a = a(t) = (S{U21}(t)P1(0)
C\}{Un(t)}Pg(O))/%{UH(t)}, and

5(0,t) = —/0 Tr (H(7)p(7)) dr

) = arctan q, (10)
— R{U21()} P2(0) +

- _/Ot (Ho(r) + H(r) - P(r)) ar

1, [ 1/t
:-511/0 Pl(T)dT—i/O J()Py(r)dr. (1)

With the known evolution operator, given by Egs. (2),
(3) and (8), the average spin polarization vector is ob-
tained readily from the formal solution of the quantum
Liouville equation

P(t)-o=Ut)(P(0) o)U'(t) = U®t)A(t), (12)
where part of the rhs is an auxiliary 2 x 2 matrix A(t) =
(P(0)-o)UT(t). For a general case of the initial spin po-
larization vector P(0) = (P;(0), P»(0), P5(0)), one finds
the matrix elements

A (t) = P3(0)UT; + [P1(0) — 1P2(0)]( U21),
Ara(t) = P3(0)U3; + [P1(0) — 1P(0)]Un1,
A (t) = [P1(0) + 1P2(0)]Uf; — P3(0)(=Ua),
Aza(t) = [P1(0) + 1P2(0)]Us; — P3(0)Uns.

Since in Eq. (12) the rhs is a known 2 x 2 matrix, and

because the lhs is the 2 x 2 matrix

P(t) o= P3(1?) Pi(t) — iP(1) o a3)
Pl(t)—f— IPQ(t) —Pg(t)
by equating the corresponding elements of the two ma-
trices one determines the components of the spin polar-
ization vector at a time ¢. One finds

Pr(t) = R{U11(t) A12(t) — U3y A22(t) },

Py(t) = S{U11(t) A12(t) — U3y A2a(t) },

Py(t) = R{U11(t) A11(t) — U A1 (1)} (14)
Let us note that the magnitude of P(¢) is a constant

throughout the evolution and is, in fact, equal to one for
a pure state.

3. Calculation of phases

Despite the existence of a number of analytical solu-
tions to the time-dependent Schrédinger equation for rel-
atively simple examples describing a driven two-level sys-
tem provided in [12], these are mainly not translated to
the corresponding analytical expressions for the phases
and one has to turn to numerical analysis. This neverthe-
less enables an efficient analysis in a number of cases. We
illustrate the typical results for the total, dynamic and
geometric phases, obtained from Egs. (10), (11) and (6).
For a typical case considered in [12], namely the choice
(Eq. (19) in [12])

a(t) = exp ((—2/a) sinb®(Vaht/2)) | (15)
with a real constant a < 2, and the corresponding driving
field is from Eq. (3)

J(t) L sinh?(/aht) — 2sinh®(\/aht/2) (16)

o Jet s L (Jaht) — 1

For such a driving field, the total, dynamic and geomet-
ric phases, as functions of time ¢ are plotted in Figs. 1
and 2 for h=1and a = 2.

It is seen that from an initial time ¢t = 0 to a final
t = 10, during which the driving field J(t) is appre-
ciably different from zero, the corresponding geometric
phase changes (by AS = 0.8 radians) thus enabling de-
tection. Analogous results are also obtained for other
driving fields considered in [12].

4. Conclusions

Phase is a fundamental notion in quantum mechan-
ics, and in particular the study of geometric phases is
an attempt to understand quantum mechanics better. It
is known that the total phase and visibility are directly
observable in an interference experiment [23]. Geometric
phases have some implications in quantum information
theory. These phases can form the basis of any quan-
tum computation [24, 25|, resilient to certain types of
errors. It offers the potential of a fault-tolerant way of
performing geometric quantum computation. Two refer-
ences concerning the robustness of the geometric phase
for non-Abelian gates and Berry phase are [26, 27].

Here we determine the geometric phase corresponding
to a new type of driven two-state system [12] which is
thus of relevance to qubit control. The main result of



672 1. Mendas et al.

o

@(0,0), H0,0)

Fig. 1. Total phase ¢(0,t) (solid curve) and dynamic
phase 6(0,t) (dashed curve), in radians, for driven time-
-dependent two-level quantum system, with the Hamil-
tonian (1), and in the case of the driving field Eq. (16).
The initial spin polarization vector is P(0) = (1,0,0),
completely along the z-axis, while the two other con-
stants are h = 1 and a = % It is seen that the dynamic
phase is a smooth, monotonically decreasing function of
the elapsed time ¢. The two jumps by -+ radians in
the total phase, stem from the multiple-valued arctan
function appearing in Eq. (10) for the total phase, rep-
resent the change of sign in the probability amplitude,
and are experimentally observable. By using the princi-
pal value of the function arctan, one removes the jumps
and obtains for the total phase the dotted curve.

Fig. 2. Geometric phase (3(0,t), in radians (solid
curve), for driven time-dependent two-level quantum
system, with the Hamiltonian (1), and in the case of
the driving field Eq. (16). It is seen that there is a con-
siderable change in the geometric phase of ~ 5.5 radians
(solid curve). By removing the jumps in the total phase
(there are two jumps of +7), one finds a slight net de-
crease in geometric phase of ~ 0.8 rad (dotted curve).
The initial spin polarization vector is P(0) = (1,0,0),
while the two other constants are h = 1 and a = .
The resulting geometric phase reflects the behavior of
the total and dynamic phases presented in Fig. 1.

our work is contained in Eqs. (11) and (14), which give
explicit expressions for computing geometric phase for a
given evolution.
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e A novel theory of quantum-classical systems is developed.
e Framework of quantum constrained dynamical systems is used.
e A dynamical description of the measurement induced collapse is obtained.
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1. Introduction

Interaction of a quantum system with a classical one is in the standard formulation of quantum
mechanics described by the collapse postulate, introduced by von Neumann [ 1]. However, a dynamical
description of the postulate requires a consistent theory of systems which cannot be described by
either quantum or classical mechanics alone. Such a description of interacting quantum-classical
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systems is commonly called a hybrid theory. The Schrédinger evolution of an isolated quantum system
is linear and deterministic, and the evolution of classical systems is also deterministic, but is typically
nonlinear. The collapse postulate requires the evolution of a quantum system interacting with the
classical apparatus to be nonlinear and stochastic. The hybrid theory, developed in the present paper,
incorporates both types of evolution into a single dynamical process.

Hybrid systems are interesting independently of their fundamental aspects (for a recent review
see [2]). Despite “no go” theorems [3], several nonequivalent mathematically consistent hybrid
theories have been constructed [4-8]. Formulation of the classical dynamics in terms of unitary
transformations in an appropriate Hilbert space exists since long time ago [9]. Likewise, there is a
formulation of quantum mechanics in terms of Hamiltonian dynamical systems with the appropriate
symplectic phase space and the corresponding Hamiltonian dynamics [10,11]. However, the crucial
difference between the two theories is not in the mathematical framework, but in the treatment of
the interactions between subsystems.

Hybrid theories can be divided into two groups according to the conceptual status and aims. In
the theories of the first group one considers all systems in Nature as described at the fundamental
level by quantum theory and therefore the hybrid system is an approximation of two interacting
quantum systems, where one of the systems is treated in the corresponding classical limit [4,8]. In
the other approach, one assumes from the beginning that the classical and quantum mechanics are
both fundamental theories with different domains of validity. The only restriction on the descriptions
of the quantum-classical (QC) interaction is then given by the experiments involving micro-macro
objects and the phenomenological collapse postulate. Of course, it is clear that a macro-object has
many degrees of freedom which are not described by the macroscopic model of the classical theory.
The effects of those degrees of freedom have to be somehow included into the manner a hybrid theory
treats the QC interaction. The hybrid theory constructed in the present paper, and denoted by FHT (for
“Fundamental Hybrid Theory” [12]), presents a particular way of doing this.

2. Mathematical framework

Mathematical framework of the hybrid theory to be developed is that of an abstract dynamical
system (M, §2, G, H) on a differentiable manifold M with symplectic and Riemannian structures
£2 and G respectively, with some preferred function, the Hamiltonian H. Let us stress right at the
beginning that the dynamical law of the hybrid theory need not be of the Hamiltonian form, but will
involve differential equations on M given in terms of £2 and G. The manifold is also assumed to possess
a complex structure J> = —I, where I stands for identity, such that G(x, y) = £2(x, Jy). Furthermore,
the evolution law of the hybrid theory might be given in terms of a stochastic process, in which case
the points from M are values of random variables on some probability space. The latter will not be
explicitly referred.

Formulation of the classical mechanics of isolated conservative systems using (M, §2, H) is stan-
dard [13]. The formulation of quantum mechanics in terms of (M, £2, G, H) is perhaps less well
known, but shall not be presented here in any detail since there exist excellent reviews [10,11,14] and
briefaccounts [ 15-19] which are sufficient for our purposes. Very briefly, the basic observation beyond
the Hamiltonian formulation of quantum mechanics is that the evolution of a quantum pure state in a
Hilbert space #, as given by the Schrédinger equation, can be equivalently described by a Hamiltonian
dynamical system on an Euclidean manifold M. The manifold is just the Hilbert space considered as a
real manifold, with the symplectic and Riemannian structures given by the real and imaginary parts

of the Hilbert space scalar product. Representing a vector |¢/) € J inabasis {|k) | k=1,2,...,N},
where N is the dimension of the complex Hilbert space, by coefficients {c, | k = 1,2, ..., N}, one
can introduce the canonical coordinates x* = (¢ +¢,)/v/2 and y* = i(c; — ¢,)/~/2,k =1,2,...,N.
Generic point from M is usually denoted by (x, y), X or X% wherea = 1,2, ..., 2N is an abstract

index. In what follows the symplectic and Riemannian structures on the quantum phase space are
denoted by w® and g. The Hamilton’s function H(X) is given by the quantum expectation of the
Hamiltonian H in the state |Yx) corresponding to a point X: H(X) = (¥ |I:I|1px)/(1/fx |x). In fact, all
observables are represented by quadratic functions A(X) on .M, and are the quantum mechanical ex-
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pectations of the corresponding quantum observables A(X) = (V¥ |A|1/fx)/<1//x|1px). The Schrddinger
dynamical law is that of Hamiltonian mechanics

X% = 0™®V,H. (1)

The Hamiltonian formulation is also crucial in the formulation and applications of nonlinear con-
straints within quantum mechanics [15,18,19,16,17,8].

3. Construction of the hybrid theory

The total system is conceived as composed of a microscopic quantum system and a macro-system.
Itis the central assumption of the present hybrid theory that the macro-system has a distinguished set
of degrees of freedom, described by classical mechanics. Usually, it is not claimed that macro-systems
are composed of something other than microscopic parts well described by quantum theory. However,
itis assumed that the dynamics of at least some of the observable degrees of freedom of a macroscopic
system is correctly described by classical mechanics, and that the classical mechanical description
need not be reduced or derived from quantum description of all the microscopic components.

3.1. Elements of the hybrid model

In the FHT the hybrid phase space M is assumed to be given by the Cartesian product M =
Mgp X Mgp X Myy,. Local canonical coordinates are separated into three groups: (q, p), (Q, P) and
(x,y). The first two groups (q, p) € My and (Q,P) € Mqp correspond to the degrees of freedom
of the macroscopic system, and the third (x, y) € M,, to the degrees of freedom of the microscopic
quantum system, called quantum degrees of freedom (QDF). The coordinates (q, p) represent (usually
a small number of) distinguished macroscopic degrees of freedom of the macroscopic object. They
are supposed to be well described by classical mechanics and are called classical degrees of freedom
(CDF).

The degrees of freedom denoted by (Q, P) describe the physical quantities that are not used in
the characterization of the CDF of the macroscopic object nor of the QDF of the micro-system. Apart
from the fact that there are many of these degrees of freedom, nothing else about their character
is assumed in the hybrid theory. In other words, the FHT does not assume that (Q, P) are either
classical or quantum. In the hybrid theory, it is assumed that the state of the system is completely
described by the values of CDF and QDF, and the dynamical equations of the theory will be formulated
in terms of (g, p, x, y) only, with no explicit reference to (Q, P). Particular physical interpretation
of the (Q, P) degrees of freedom is not strictly a part of FHT. However, one could think of several
different physical interpretations depending on the conceptual background and on the particular
system. On the conceptual side, one could argue that the macroscopic system is composed of quantum
microscopic components which interact and entangle with the micro-system. Therefore, the hybrid
theory, with no possibility of explicit entanglement between CDF and QDF, must take the fact of
entanglement due to the micro-system and micro-components of the macro-system into account
in some manner. The influence of (Q, P) degrees of freedom on the CDF-QDF system might be
interpreted partly as due to the entanglement between the micro and macro-systems, and partly due
to the influence of the microscopic degrees of freedom of the macro-system on the CDF. This argument
is expressed more formally as follows. The phase space of a bipartite quantum system, corresponding
to the micro-macro system, is the real manifold .M, associated with the Hilbert space 1, = #1QH>,
where #¢; and #, are the Hilbert spaces of the micro and macro-systems, respectively. The phase
space corresponding to the macro-system is denoted by M;. A submanifold, denoted by I" C M,
corresponds to CDF of the macro-system. Local coordinates (x,y) of M correspond to QDF. The
degrees of freedom (Q, P) are then the local coordinates of the complement of M; X I" in M1;.
Alternatively, one could just conceive (Q, P) degrees of freedom as a sufficiently general type of
environment of the CDF-QDF degrees of freedom. Furthermore, the physical interpretation of (Q, P)
degrees of freedom will depend on the physical picture of the particular macro-system. For example,
the macro-system might be a large magnet, conceived as a large collection of spins, interacting via
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the Heisenberg interaction. It is the main assumption of the hybrid theory that the interaction of such
a magnet with a micro quantum system can be described by the selected degrees of freedom of the
magnet, i.e. the macroscopic magnetization, which are well described by classical physics, provided
that the effects of the unobserved degrees of freedom are somehow included in the hybrid theory.
Interactions between various types of degrees of freedom might be of different nature. We
shall assume that the interactions between (q, p) and (x,y) are conservative and described by
the corresponding Hamiltonian. On the other hand, interactions between the unspecified degrees
of freedom (Q, P) and the QDF (x,y) might be more general, and are described by a complex
Hamiltonian of the form H;: (x, y, Q, P) = F(Q, P)A(x, y) where A(x, y) is a quadratic function of (x, y)
corresponding to the operatorA of the micro-system and F(Q, P) = Fz(Q, P) + iF;(Q, P) in terms
of real functions Fz(Q, P) and F;(Q, P). Of course, the equations of motion for the real coordinates
(q, p, x, y) must be expressed only in terms of real quantities. We shall also suppose that the influence
of the (Q, P) degrees of freedom on the macroscopic classical variables (q, p) is negligible. The
dynamics of the total system is thus determined by the complex Hamiltonian of the following form

H = Ha(q, p) + Hq(x,y) + Hop(Q, P) +f(q, P)A(x, y) + F(Q, P)A(x, y). (2)

The meaning of the first three terms is obvious, and the rest describes the interaction between the
macroscopic system and the quantum system. In order to shorten the notation we have denoted the
collection of all observables {A,}, appearing in the interaction terms, by a single letter A. In the simpli-
fied version, presented here, all degrees of freedom of the macro-system are assumed to interact with
the same quantum observables A(x, y) which might, but need not, form canonical pairs. As pointed
out the functions F(Q, P) are complex. However, they do not enter into the part of the Hamiltonian
that depends only on the (g, p, X, y) degrees of freedom

Hpnys(q, p, x,y) = Ha(q, p) + Hy(x, ¥) + f(q, AKX, y). (3)

The equations of motion for the real quantities as functions of (q, p, X, y) must be real, but need not
be Hamiltonian.

The main requirement on the hybrid theory of QDF evolution, based on the collapse model, is
that if the state of the quantum system is a superposition of A eigenstates then, because of the
interaction with the macro-system, the state must evolve towards one of the A eigenstates. However,
such behavior is not obtained starting from the Hamiltonian dynamics with the Hamiltonian (2) of the
hybrid. One is therefore forced to adopt different approaches in modeling the collapse requirements.
One approach, adopted here, is to consider the collapse requirements as appropriate constraints onto
the otherwise Hamiltonian dynamics and to derive the dynamical law as the constrained dynamics.
The phase space formulation of quantum mechanics is specially suitable for the formulation and
treatment of nonlinear constraints [15,18,19,16,17,8].

3.2. Constrained dynamics approach

The elgenstates of any observable A are characterized by the property that the dispersion AA =
(A%) — (A)? is equal to zero. In the case when all observables {A,} interacting with the macro-system
commute, the relevant constraint might be given in the form

Mh(xy) =) AAyx,y) =0, (4)

which corresponds to the common eigenstate of all the observables {A,}. However, if there are several
non-commuting observables, then the relevant constraint assumes the form

Th(%,y) =Y AAX,Y) = Amin =0, (5)

where A, is the minimal possible value of the sum of the relevant dispersions. If these observables
generate a representation of a semi-simple Lie algebra, then the constraint submanifold given by (5)
is in fact the manifold of coherent states of the algebra [20].
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In order to satisfy the constraint, the component of the Hamiltonian vector field orthogonal to the
constraint submanifold I'4(x, y) = 0 has to be removed, so that the QDF X = (x, y) evolve according
to

X% = 0™®VuH — AgPV, Iy, (6)
where 2 is a single Lagrange multiplier to be determined. Substitution of (6) in Iy (X(t)) results in
@OV Ty Vo H = Ag™® Vo IuVy . (7)
Substituting A from (7) into (6) results in the constrained dynamical equations
X = w®V,H — {3 Hy DY, Iy, (8)
IV Iall?

where {F, F,} = @®V,F; V},F,. The first term can be written more explicitly as
@ VyH = 0®VyHpnys + (Frw™ 4 F(Jw) ) VA
= 0 VyHpnys + Fro™® VA + g V,A. (9)

The last two terms contain a large number of complicated functions of time Q (t), P(t). We shall sup-
pose that these processes are well approximated by white noise. Consequently, functions Fz(Q (t),
P(t)) and F;(Q(t), P(t)) are also stochastic processes. The corresponding increments, denoted by dWpg
and dW,; and understood in the It6 sense, are assumed to satisfy

E[dWir] = 0, E[dWy] = 0,

AW rdWig = dWydWpy = Sppdt,

deRdWmI = 01

dWpdt = dWy,dt = 0,

(10)

where E[ - ] denotes the expectation with respect to the stochastic process and n, m count up to the
number of observables {/2\,.,}. This implies, among other things, that all Fg(t), F;(t) satisfy the Marko-
vian property. Finally, the dynamical equation of QDF in interaction with the macro-system is given
by the stochastic differential equation of a non-autonomous diffusion process,

{FAa Hq}
IV Iall?

Equation (11) is the main dynamical equation of the QDF interacting with the macro-system of
the FHT developed here. If all degrees of freedom of the system are described by quantum mechanics,
then unitary quantum evolution applies and there is only the first term with Hpyys = Hy. If there is an
interaction of QDF and the macro-system, i.e. some of the degrees of freedom are a priori described
by classical mechanics, then the full equation (11) applies. Notice that no unobservable degrees
of freedom (Q, P) appear in the equation. The first part of the drift in (11) describes Hamiltonian
evolution with the Hamiltonian Hy(x, y) + f(q, p)A(x, ¥). The second term of the drift represents a
gradient flow with the tendency to decrease the total dispersion AA = )" AA,.The joint effect of the
Hamiltonian and gradient drift terms is to preserve constant the total dispersion. If there is only one
observable A(x, ¥), or a set of commuting observables, then the role of the gradient terms is to force the
evolution towards the common eigenstates of {An }.If the observables {;\n} do not commute, then there
is a competition of tendencies due to the corresponding gradient terms. If these observables generate
a representation of a semi-simple Lie algebra, then the gradient terms drive the system towards the
invariant manifold of the coherent states of the algebra.

The stochastic terms are divided into two quite different groups. The Hamiltonian terms, which can
be included as stochastic perturbations of the Hamiltonian Hppys, describe the Hamiltonian influence
of the (Q, P) degrees of freedom on the motion of the quantum system. For example, this is like the
influence of an external stochastic electromagnetic field. However, these terms do not contribute
to the localization onto the constraint manifold. The gradient stochastic terms, on the other hand,

dX? = W™ VyHppysdt — gV, Mudt + 0™ VA dWy + g VA dW. (11)
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describe the influence of (Q, P) degrees of freedom which is not Hamiltonian. However, as opposed to
the Hamiltonian stochastic terms, the gradient stochastic terms induce localization onto the constraint
manifold. If all {An} are commuting, then the stochastic terms of both types are zero if VA, (x,y) =0
for all observables. This means that the point (x, y) is a fixed point of the Hamiltonian evolution
with each A, as the Hamiltonian. Such a point corresponds to a common eigenstate of the nonlinear
operators An - (An) with all eigenvalues being zero. The common eigenstates of these operators
coincide with the common eigenstates of An. Thus, the stochastic terms in Eq. (11) are equal to zero
if only commuting quantum observables appear, and (x, y) corresponds to a common eigenstate of

{An).
Dynamics of CDF

Classical degrees of freedom (q, p) satisfy the Hamiltonian evolution equations given by the
Hamiltonian (3). The equations in terms of (g, p) are

. 0Hq(q, af (q,
§= za(q p) LAX.Y) f (4, p)
p ap
0H,(q, af (q,
pe— za(q p)_A(X’y) f(a.p) (12)
q aq

The evolution of CDF is also stochastic because the quantum observables A(x(t), y(t)) evolve stochas-
tically.

3.3. Quantum measurement process

Additional assumptions can be used in order to simplify the evolution equations (11) and (12) in
the case of a quantum measurement process. One such approximation is based on the assumption
that the dynamics of QDF is much faster than that of CDF. Consequently, one can replace in (11) the
functions (q(t), p(t)) with their initial values (qg, po). The equation for QDF becomes autonomous.

The situation when QDF and CDF are coupled via only one observable A with the interaction term
given by H;,, = pA(x,y), and when the gradient terms dominate the QDF dynamics, corresponds to

the process of measurement of A. QDF dynamics is approximately given by
{I'a, Hy}
IV Iall?

+ WP VoA(x, y)dWi + g VLA, y)dW,. (13)

dX® = w®V,(Hy + poA(x, y))dt — gV, Madt

Due to the gradient terms, the state approaches one of the eigenstates of A, denoted by (X4, Vo) = |a),
with the eigenvalue A(x,, y,) = «. The stochastic term introduces fluctuations, and the probability
of the asymptotic eigenstate (x,,y,) depends on its distance from the initial state (x, )i =
[ Yinit, i.€. on || (Winic|) ||. These facts can be demonstrated numerically as we shall do shortly. The
asymptotic dynamics of (13), or of (11) and (12), can also be analyzed using methods of stochastic
stability analysis [21], in particular the stochastic generalization of the first Lyapunov method with
the constraint I’y playing the role of the Lyapunov function, as will be illustrated elsewhere. Using the
same assumption about different time scales and assuming that H is negligible, the CDF dynamics of
the coordinate of the apparatus pointer is approximated by

i=a (14)

and reads the eigenvalue of A. Thus, the approximate equations describe well the dynamics and the
results of the measurement process.

3.4. Numerical example

We shall illustrate the hybrid dynamics modeling the measurement as given by (11) and (12) using
the simplest example where the quantum system is a single 1/2-spin and the classical system is an
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Fig. 1. (Color online) (a) (5,)(t) and (b) As,(t) for two typical stochastic paths. (c) Classical orbits corresponding to the
stochastic paths in parts (a) and (b). (d) Histogram of the number of paths converged to +1/2 or —1/2 eigenstate of s,.

oscillator. The phase space of the quantum part corresponding to the Hilbert space C? is R*, with the
canonical coordinates (x1, X2, y1, y2). The relations between the real canonical coordinates and the
complex expansion coefficients, (c;, c;) in the computational basis, of a normalized vector from C?
are given by the following formulas

oo At iy o X Yk

k= ) = )
V2 T2

The quantum Hamiltonian of a single spin is Hq = wS,, the classical Hamiltonian of the oscillator is

Hg = p*/2m + m£2%q?/2 and the interaction H,m = [UPSx corresponds to the measurement of s,. The
functions on the QC phase space corresponding to H and Hm[ are

k=1,2. (15)

a2 2 2
Hox,y) = 20TV =% =% (16)
2x1+y1+x+y;
X1X2 + y1¥2

R IR IR an
XY G Y

Hine(q, p, X, y) =
The constraint I, corresponding to the measurement of §y, is Asy = (§2) — (5,)2 = 0, and is given
in terms of the canonical coordinates (x, y) by a slightly more complicated expression

ro— (1 = %2)* + (11 = y2)) (X1 +%)° + (V1 +y2)? ) (18)

™ (4 + ¥} + X +y3)?
The Poisson bracket {5, (x, ¥), Hq(x, ¥)}x, the gradients VI (x, y) and Vs, (x, y) are easily computed
and shall not be presented. These expressions are used to write down the dynamical equations (11)
and (12), which are solved using the appropriate code for numerical solutions of SDE. Results are
illustrated in Fig. 1(a)-(d). Each of 100 sample stochastic paths after some time converges to either
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Fig. 2. (Color online) Normalized concurrence for two typical sample paths of FHT evolution (a) and for purely Hamiltonian
evolution (b) starting from the same initial state (see text for details).

—1/2 or 1/2 eigenstate of S, denoted by |1/2, —1/2) and |1/2, 1/2), respectively. Fig. 1(a) and (b)
show (5,)(t) and As,(t) for two typical realizations of the stochastic process starting from the same
initial state and converging to the state |1/2, 1/2) (red curves) and the state |1/2, —1/2) (blue curves),
respectively. The initial state is determined by |V )inir = (X1, X2, Y1, ¥2)init = ﬁ(z, 4,—-2,1)/5 and
(q,p) = (1, 1), which yield |(1/2, =1/2|¥nic)|> = 0.26 and [(1/2, 1/2|¥inic)|*> = 0.74. Fig. 1(c)
illustrates the evolution of CDF (q, p) for the two stochastic sample trajectories related to Fig. 1(a) and
(b). The two classical orbits are obviously different. The percentage of stochastic paths converging to
either of the eigenstates is illustrated in Fig. 1(d) and is proportional to the distance of the initial state
form the eigenstates. Qualitatively the same results are obtained for all different initial states that we
have tested.

Let us point out that in the described numerical example the full system of equations (11) and (12)
was used, and the sufficiently fast convergence of the QDF and the inertial properties of the CDF are
obtained by the appropriate choice of the parameter values.

4. Remarks

(1) Dynamics of entanglement in a quantum system coupled to a classical one, as described in FHT,
can be studied using, for example, a pair of qubits interacting with a classical oscillator. The relevant
part of the Hamiltonian is given by

H, = 08! + ws? 4 ¢3152,
2 242
ms2
Hy = L + 1
2m 2
Hine(q, p) = pps}.

The complex coefficients of an arbitrary two spin state |/) € C* in the computational basis are
denoted by cy, ¢3, c3, ¢4 and their real and imaginary parts are the canonical coordinates given by
Xk, V) = ﬁ(Re(ck), Im(cy)), k = 1, 2, 3, 4. The total Hamilton’s function is H(x, y, q, p) = Hq(X, y)

+ Hint (%, ¥, 4, P) + Ha (g, p) where Hy(x, y) = (r|Ho|y) /(W |v) and Hine (X, y) = (¥ |Hinc[¥) /(W |¥).

The constraint corresponding to I:Iint in(19)is Asz1 =0.

It can be shown, by numerical computations, that the entanglement of an initial entangled state
of the qubits evolves to zero for sufficiently large ratio u/c. The entanglement dynamics is most
easily studied by monitoring the normalized concurrence of the pure state of QDF given by C =
Icica — cac3]/(Jcq |+ |c2|? + |c3)? + |ca]?). A pure state of the qubit pair is separable iff the concurrence
is zero. The asymptotic QDF state of the evolution for u/c sufficiently large has zero concurrence.
This fact is illustrated by the time series C(t) with full FHT equations in Fig. 2(a) and with the purely
Hamiltonian dynamics discussed in the remark (2) in Fig. 2(b) starting from the same initial state. The
asymptotic state of QDF is a product state of the form |1/2, +1/2); ® |V ),, where |1/2, +1/2) are
the eigenstates of 321 and |yr), is a state of the second qubit. Two sample paths in Fig. 2(a) correspond
to the concurrence in these two cases.

(19)

’



24 N. Buric et al. / Annals of Physics 343 (2014) 16-26

(2) The constraint (5) was introduced so as to obtain a hybrid system such that the selected
observables of the quantum part behave as almost classical. This is admittedly an ad hoc assumption.
Alternatively one might study the Hamiltonian system (2) with no additional constraints, and analyze it
as a purely Hamiltonian system with possibly complicated interactions. This is the approach adopted
for example in [2], where it was supposed that there are no (Q, P) degrees of freedom so that the
evolution is given by the Hamiltonian system on Mg, X My, with H = Hq(x,y) + Ha(q,p) +
Hine (g, p, X, y). The result is mathematically consistent purely Hamiltonian theory of a hybrid system.
However, application of the theory to the measurement situation shows that classical pointer variable
is in general coupled to the expectation (A) of the measured observable A and not to its eigenvalues
[22,23]. Furthermore, the theory in its exact form predicts some features of QDF which might imply
possibility of superluminal communication [24]. The evolution of QDF can be presented in the form of
the Schrédinger equation with the Hamiltonian that depends on the total system state. Also, different
initial convex representations of a mixed state p might evolve into different p(t). Furthermore,
investigations of entanglement dynamics, like in the remark (1), show that the entanglement between
qubits oscillates with large amplitudes forever and for any values of the parameters. It is well
known that the possibility of entanglement and nonlinear evolution, or the dependence of a density
matrix evolution on its initial convex representation, might be used for superluminal communication
[25,26]. In the FHT this nonphysical effect might be prevented by the stochastic terms in the evolution.

In short, the purely Hamiltonian theory predicts properties of QDF, interacting with CDF, that are
not displayed by physical systems. The way to remedy the theory might be to include the influence
of the internal degrees of freedom (Q (t), P(t)), perhaps in the form of stochastic perturbations. This
has not been done in full generality. Some results [2], where the CDF are treated as an environment
and are supposed to introduce stochastic perturbations, indicate that such an approach might be
successful. In conclusion, purely Hamiltonian theory with the Hamiltonian (2) must be supplemented
by an analysis of complicated classical systems with complex CDF dynamics, and only after physically
plausible approximations might explain the observed behavior.

(3) Instead of imposing the main effects of the collapse process as the general requirements on the
dynamical equation for QDF, and realizing those requirements as a minimal but adequate constraint,
one can postulate that the dynamical equations of QDF are given by some of the existing dynamical
collapse models, reviewed recently in [27] or open quantum system dynamics [28,29] or models of
continuous measurements [30]. Such equations usually assume some properties, and specific form,
that are not necessary for the most general description of the hybrid dynamics. The most well known
dynamical collapse models are given as nonlinear and stochastic modifications of the Schrodinger
equation, and contain the Schrédinger term, the nonlinear gradient term and the stochastic term.
Similarly, the master equation for the density operator p(t) of an open quantum system under the
Markovian assumption is of the Lindblad form, and can be written as a stochastic diffusion equation
for the individual quantum systems in pure states [29,28], with terms of the similar form and the
same effect on the evolution as in the explicit collapse models. One such equation, with minimal ap-
propriate generalization, can be postulated for the QDF dynamics of the hybrid and coupled with the
Hamiltonian equations (11) for the CDF. An example of such approach is studied in [30]. The result is
a set of stochastic differential equations of the form similar to those of FHT. Nevertheless, conceptual
differences should be stressed. The theories of explicit collapse do not make an a priori distinction
between quantum and classical systems. Instead, unique nonlinear and stochastic dynamics for micro
and macro systems is postulated, the only difference being in the values of the relevant parameters.
If there is a micro-system coupled to a macro-system, then the micro-system dynamics is indistin-
guishable from the linear Schrédinger evolution, and the collapse occurs in the macroscopic part of
the system. This collapse is a consequence of the macroscopic size of the macro-system. In FHT, classi-
cal behavior of CDF of the macro-systems is assumed from the beginning, and in this respect the theory
is conceptually similar to the hybrid theory in [30]. The collapse occurs directly in the quantum part
and is a consequence of the interaction between the quantum system and the macro-system, where
the latter is conceived as a system with some degrees of freedom described by classical mechanics.

We shall illustrate a possible hybrid theory based on an explicit collapse model, given basically by
Hughston [31], since it has been formulated using the quantum phase space. We present the equations
in the case when there is only one observable A, and in terms of evolution on .M. A hybrid theory with
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typical collapse equation for the QDF would then be of the form

2
dX® = 20™®VH(X, q, p)dt — %g”bvb(AA(X))dt + uVAX)dW (20)

where X = (x, y) and dW are the stochastic increments of the Wiener process. Eq. (20) for QDF should
be supplemented by Eq. (12) for the CDF. Other models of continuous collapse or individual open sys-
tem dynamics might be written in forms quite similar to (20) with real or complex noise. In Hugh-
ston [31] and QMUPL [27] equations dW are real, while in the QSD equation [29] dW are increments of
a complex Wiener process. The Hamiltonian H = (I:I ) is modified to include the interaction with CDF
given by uf (p, @)A(x, y). Together with the corresponding equations (12) for the CDF dynamics the
system represents a model of an individual hybrid system evolution, which has not been investigated
in the literature (to the best of our knowledge). Eq. (20) is similar with (11) in that it has a determin-
istic gradient term, given by the gradient of the relevant dispersion, and the gradient stochastic term
given by the gradient of the relevant observable. However, the dynamics of a single quantum open
system, for example in QSD [29], is equivalent to the Lindblad equation which is physically justified
using weak coupling approximation, and no such approximation is assumed in (11). The major tech-
nical difference between (20) and (11) is that the latter has a pre-factor multiplying the deterministic
gradient term. A further and deeper comparison of the hybrid theories with Eq. (11) or (20) for the
QDF part will certainly be of some interest.

5. Summary

In summary, we have constructed a novel theory of hybrid quantum-classical systems of the
type where the quantum and the classical mechanics are both treated as fundamental theories. We
have started from the observation that if all degrees of freedom of the system are considered as
quantum then the evolution is given by the Schrédinger law, while if there are some degrees of
freedom which behave as described by classical mechanics then the collapse postulate should be
added to the Schrodinger evolution of the quantum degrees of freedom. Our goal was to derive a
theory that provides a dynamical description of the Schrédinger evolution supplemented with the
collapse postulate. It is assumed that such a theory would provide a unified dynamical description of
the system with quantum and classical degrees of freedom. The basic requirement imposed on the
theory is to obtain dynamical equations of the hybrid systems such that the sum of dispersions of the
quantum observables that figure in the quantum-classical interaction are constrained to be minimal
during the evolution. The crucial assumption that was used to simplify the constrained equations is
that the dynamics of the unobserved degrees of freedom is to be replaced by white noise. Furthermore,
it was assumed that part of the interaction with the unobserved degrees of freedom is described by
complex Hamiltonian, but the equations for the real canonical coordinates (q, p, x, y) are real. The
resulting evolution of the hybrid system is nonlinear and stochastic. Some of the stochastic terms
are multiplied by the gradients of expectations of the chosen quantum observables, and together
with the deterministic gradient terms lead to localization onto the constraint manifold. If the hybrid
system is intended as a model of the measurement process of one observable, then the constraint gives
the dynamics with eigenstates as attractors, and the stochastic term describes the stochastic nature
of the process with the correct probabilities for different asymptotic eigenstates. At the same time,
interaction establishes the necessary correlations between the states of the quantum and classical
parts.

The hybrid theory derived here has been considered at an abstract level, with the primary goal of
demonstrating that consistent hybrid theories, formulated within the specific mathematical frame-
work, are possible. Validity of the theory was tested only with reference to the simplified description
of the measurement process as summarized by quantum mechanics with the collapse postulate. There
are several immediate questions that are interesting and should be analyzed. On the theoretical side,
one should analyze if the hybrid dynamics given by FHT can be used for superluminal communication
between entangled quantum systems in interaction with the corresponding macroscopic objects. To
this end, one should analyze the FHT dynamics of ensembles of hybrid systems with the corresponding
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master equation for the QDF. Because of the stochastic terms, and perhaps under physically justified
assumptions, one expects that the evolution of the suitably defined density matrix pertaining to QDF
can be expressed with no reference to particular convex representations of the density matrix. How-
ever, the Fokker-Planck equation for general hybrid densities implied by the stochastic FHT dynamics
(11) of pure states is rather complicated, and we are not presently able to obtain from it a closed form
equation for the mixed states of the quantum system. This question will certainly be thoroughly an-
alyzed. Such analysis will also help to clarify the relation of FHT with the hybrid theories based on
models of explicit collapse, as discussed in the remark (3). Another theoretical task is to analyze in
detail, using suitable examples, the form of the theory where the quantum and macroscopic systems
interact via several non-commuting observables. This would pave the way to apply the theory onto
realistic physical systems, other than the rudimentary measurement setting, which are expected to
be in the domains of hybrid theories.
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1. Introduction

Linear Schrodinger equation of any quantum mechanical system
is equivalent to an integrable Hamiltonian dynamical system [1-6].
As such, the linear Schrédinger equation of a bounded system has
only periodic or quasi-periodic orbits. However, integrable systems
are exceptional [7]. Typical Hamiltonian system has also plenty of
irregular, i.e. chaotic orbits [7], but these do not appear in standard
quantum mechanics. Integrability, or the lack of it, of Hamilto-
nian dynamical systems is related to the symmetries of the model
and to the existence of a sufficient number of integrals of motion.
The difference between integrable and non-integrable systems is
clearly manifested in the qualitative properties of orbits. The for-
mer have only regular, periodic or quasi-periodic orbits, and in the
latter the chaotic orbits dominate. Classification of quantum sys-
tem into regular or irregular such as ergodic or chaotic, is possible
using different plausible and variously motivated criteria without
reference to the orbital properties. Usually, the criteria are formu-
lated in terms of the properties of the energy spectrum, and the
connection with the classical, well developed, notions of regular
or chaotic dynamics, formulated in terms of orbital properties, is
obscured.

The purpose of our work was to investigate qualitative prop-
erties of orbits of a hybrid quantum-classical system, where the
classical part is integrable when isolated and the quantum part is
characterized as symmetric or non-symmetric by the existence of
constant observables. In particular, we want to see if the symme-
try, or the lack of it, might be displayed in the qualitative proper-
ties of orbits of the classical part. To this end we utilized recently
developed Hamiltonian hybrid theory of quantum-classical (QC)
systems [8-12]. Our main result is that indeed quantum systems,
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characterized as non-symmetric imply chaotic orbits of the clas-
sical degrees of freedom (CDF) coupled to the quantum system.
On the other hand, CDF show regular dynamics if coupled to a
symmetric quantum system, i.e. a quantum system with sufficient
number of constant observables.

One of the first to introduce some sort of dynamical distinc-
tion between quantum systems was von Neumann [13] with his
definition of quantum ergodicity based on the properties of the
Hamiltonian eigenspectrum. Further developments and different
approaches to the problems of quantum irregular dynamics can be
divided into three groups. The literature on the topic is enormous,
and we shall give only a few examples or a relevant review for
each of the approaches. The most popular was the type of studies
analyzing the spectral properties of quantum systems obtained by
quantization of chaotic classical systems (see the reviews collected
in [14]). Still in the framework of systems whose classical ana-
log is chaotic, there were studies of semi-classical dynamics [14]
and phase space distributions [14]. The second group of studies
consists of those works where an intrinsic definition of quantum
chaoticity is attempted [15]. Neither the works in the first nor
those in the second group rely on the topological properties of
pure state orbits of quantum systems. The third group originates
from the studies of open quantum systems, and here the proper-
ties of orbits of an open quantum system are important. Classical
property of chaoticity defined in terms of orbital properties was
analyzed in quantum systems interacting with different types of
environments [16-18]. It was observed that orbits of such open
quantum systems in the macro-limit might be chaotic.

In the next section we shall briefly recapitulate the Hamilto-
nian theory of hybrid systems. In Section 3 we present the hybrid
models consisting of qualitatively different pairs of qubits as the
quantum part and the linear oscillator as the classical part. Sec-
tion 4 will describe numerical computations of hybrid dynamics
and our main results. Brief summary will be given in Section 5.
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2. Hamiltonian hybrid theory

There is no unique generally accepted theory of interaction be-
tween micro and macro degrees of freedom, where the former are
described by quantum and the latter by classical theory (see [8]
for an informative review). Some of the suggested hybrid theories
are mathematically inconsistent, and “no go” type theorems have
been formulated [19], suggesting that no consistent hybrid theory
can be formulated. Nevertheless, mathematically consistent but in-
equivalent hybrid theories exist [8,20-23].

The Hamiltonian hybrid theory, as formulated and discussed for
example in [8,11,12], has many of the properties commonly ex-
pected of a good hybrid theory, but has also some controversial
features. Its physical content is equivalent to the standard mean
field approximation, but it is formulated entirely in terms of the
Hamiltonian framework, which provides useful insights such as
the one presented in this communication. The theory is based on
the equivalence of the Schrodinger equation on 4" and the corre-
sponding Hamiltonian system on R2N. The Riemannian g and the
symplectic w structures on the phase space Mg = RN are given
by the real and imaginary parts of the Hermitian scalar product on
HN: (ylo) = g(¥, @) + iw(¥, ). Schrodinger equation in an ab-
stract basis {|n)} of HN

.. oC
zha—tn :;Hnmcm (1)

where |y) =", ca|n) and Hym = (n|Hm) is equivalent to Hamil-
tonian equations

AHM,y)
B ayn

. JdH (x,
o= 2HEY) @)

n
0Xn

where ¢;, = (X; + iyn)/~/2h and

H(X, ) = (Yxy | HYny)s (3)

where (x, y) stands for (x1,x2...Xn,Y1,Y2...¥Yn). Only quadratic
functions A(x, y) of the form A(x, y) = (1//xy|;\|1//xy> are related to
the physical observables A. In particular, the canonical coordinates
(x, y) of quantum degrees of freedom (QDF) do not have such in-
terpretation.

Hamiltonian hybrid theory uses the Hamiltonian formulations
of quantum and classical dynamics, and couples the classical and
quantum systems as they would be coupled in the theory of
Hamiltonian systems. The phase space of QC system is given by
the Cartesian product

ch = Mq X MC7 (4)

and the total Hamiltonian is of the form

Hge(%,¥,q,p) =Hq(x, y) + Hq(q, p) + Hine (X, ¥, q, ). (5)

The dynamical equations of the hybrid theory are just the Hamil-
tonian equations with the Hamiltonian (5).

Observe two fundamental properties of the Hamiltonian hybrid
theory: (a) There is no entanglement between QDF and CDF and
(b) the canonical coordinates of CDF have the interpretation of
conjugate physical variables and have sharp values in any pure
state (x,y,q, p) of the hybrid. Hamiltonian theory of hybrid sys-
tems can be developed starting from the Hamiltonian formulation
of a composite quantum system and imposing a constraint that
one of the components is behaving as a classical system [11].

3. Qualitatively different quantum systems coupled to the
classical harmonic oscillator

We shall consider the following three examples of quantum
system with different symmetry properties. All three examples in-
volve a pair of interacting qubits, where ley,yz’z denote x,y or z
Pauli matrix of the qubit 1 or the qubit 2, and w,  and B are
parameters. The simplest is given by

Hs = hwo} + hwo? +hpo)o?. (6)

The system has two additional independent constant observables
azl and 022 corresponding to the SO(2) x SO(2) symmetry of the
model. Next two models are examples of non-symmetric systems.
The system

I:Insl =I:Is+h,30; (7)

has only 022 as the additional constant observable, and in the sys-
tem

Hpsa = hwo} +hwo? 4+ hpolo?, (8)

there are no additional dynamical constant observables. Let us
stress that the Hamiltonian systems with the Hamiltonian func-
tions given by (1//|I:I|1//> are integrable with only the regular (non-
chaotic) orbits irrespective of their symmetry properties.

The Hamilton functions corresponding to the three quantum
systems (G), (7) and (8) are given by the general rule (3). In
the computational basis [1) = |1,1), |2) = |1,-1), |3) = |-1,1),
|4) = |—1, —1), where for example |1,1) =|1) ® |1) and |£1) are
the eigenvectors of o, the Hamilton functions are

Hs(x,y) = (] + 7 — x5 — ¥3)
n
+S (-G -B gty -yi-yityh). ()

Hpst(x, y) = o(x] + ¥3 — x5 — y3)
n
+ 50 -8 =G4yl -y - i+ i)
+ B(Y3X1 + YaX2 — Y1X3 — Y2X4) (10)

and

Hps2(x, y) :a)(X% +y% _Xzzl - yAzl)
+ (U (X2X3 + X1X4 + Y2V3 + Y1Y4). (11)

Observe that, due to the 1/+/2h scaling of the canonical coordi-
nates (x, y), h does not appear in the Hamilton functions (9), (10)
and (11) nor in the corresponding Hamilton equations and their
solutions x(t).... Of course, i reappears in the functions (crx]) e
The classical system that we want to couple with quantum sys-
tems (9), (10) or (11) is one-dimensional linear oscillator with the
Hamiltonian
p?

Ha(q, p) =5 +kq*, (12)
m

which of course has only regular periodic orbits.

The QC interaction term is taken to be such that it does not in-
terfere with the existence of operators commuting with the Hamil-
tonian of the quantum part. In other words, the operator I:Iq + Hine
has the same additional constant observables as the quantum
part I:Iq. Furthermore, I:Iim must depend on observables of the
qubit 1 and of the qubit 2. For example Hi, = q(ciho) + caho?)
implying Hine(%, ¥, q, p) = q(c1h{o}) + c2fi{o?)) or explicitly
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Fig. 1. Figures illustrate the time series q(7) (a, ¢) and the corresponding amplitudes
of the Fourier spectra (b, d), of the classical oscillator subpart of the hybrid system
with the quantum subpart given by symmetric (9) (a, b) and non-symmetric (11)
(c, d) systems. The values of the parameters are w =1, u =5 m=k=1, ¢c; =15,
C = 1.

0.15 a) 0.05- b)
0.10 0.04-
0.05 °
8 0.034
_~ 0.00 2
* 2 0.02-
-0.05 <
0.10 0.014
-0.15+ T T T T | 0.00 7 T
0 100 200 300 400 500 0.0 0.2 0.4
T Frequency
0.6
c) d)
0.4 0.041
0.2
[0}
°
- 00 2
x =3
0.02+
-0.2 s
-0.4
-0.6+ T T T T ] 0.00 T T
0 100 200 300 400 500 0.0 0.2 0.4
T Frequency

Fig. 2. Figures illustrate the time series (a, ¢) and the corresponding amplitudes of
the Fourier spectra (b, d), of the x; canonical coordinate of the quantum subpart of
the hybrid system given by symmetric H(9) (a, b) and non-symmetric Hps(11) (c,
d) systems. The values of the parameters are the same as in Fig. 1.

c1q
Hine === (4 +2G =6 = x4+ ¥+ y3 = ¥3 — y3)
C2q
+ (G- +d -yl -yi+yi-yh). (13)

The total Hamiltonian is given by the sum of (12), (13) and one
of (9), (10) or (11). Observe that the functions (0;)) and (02) are
constants of motion for the hybrid Hs + Hiy + Hy, as is the func-
tion (022) constant for the hybrid Hps1 + Hine + H¢. Thus, Hiy given
by (13) satisfies the general condition that we impose on the QC
interaction.

4. Numerical computations and the results

Hamiltonian equations are solved numerically and the dynam-
ics of CDF, illustrated in Fig. 1 and Figs. 3a, b and of QDF illustrated
in Fig. 2 and Figs. 3¢, d, is observed in the cases corresponding to
the symmetric or non-symmetric quantum parts for different val-
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Fig. 3. Figures illustrate the time series q(t) (a) and x;(t) and the corresponding
amplitudes of the Fourier spectra (b, d). The Hamiltonian is non-symmetric Hpsq
(10). The values of the parameters are the same as in Fig. 1.

ues of the parameters @ and c. Let us first stress again that if there
is no classical system then all orbits are regular for either of the
quantum systems. On the other hand the hybrid system displays
different behavior. Consider first the time series generated by the
CDF. Figs. 1a, b, ¢, d and Figs. 3a, b show the time series q(t)
(Figs. 1a, ¢ and Fig. 3a), where T = wt is the dimensionless time,
and the corresponding Fourier amplitude spectra (Figs. 1b, d and
Fig. 3b). Figs. 1a, b are obtained with the quantum symmetric
system (9), Figs. 1c, d with quantum non-symmetric system (11)
and Fig. 3 with quantum non-symmetric system (10). Obviously,
the orbits of the CDF are periodic, with single frequency, in the
symmetric case, and chaotic with a broad-band spectrum in the
non-symmetric cases. We can conclude that the qualitative proper-
ties of orbits of a classical system coupled with a quantum system
are excellent indicators of the symmetries of the quantum system.

Consider now the dynamics of QDF illustrated in Figs. 2a, b,
¢, d and Figs. 3¢, d by plotting the time series generated by xi(t)
and the corresponding Fourier amplitudes spectra. Qualitatively the
same properties are displayed by dynamics of other canonical coor-
dinates x3, X3, X4, Y1, Y2, ¥3, Ya or, for example, by the dynamics of
expectation values (o} (t)), .... Again, the time series are regular if
the quantum systems are symmetric and are chaotic in the quan-
tum non-symmetric case. The same conclusion is obtained with
Hysy replaced by Hjs1. We can conclude that the orbits of the hy-
brid system, are regular or chaotic, in the sense of Hamiltonian
dynamics, depending on the quantum subpart being symmetric
or non-symmetric. Thus, the relation between symmetry and ex-
istence of independent constants of motion on one hand and the
qualitative properties of orbits on the other, which is the character-
istic feature of classical mechanics and is not a feature of isolated
quantum systems, is restored by appropriate coupling of the quan-
tum and a classical integrable system.

Observe that such behavior cannot be obtained by coupling two
quantum systems (instead of quantum-classical coupling). In this
case, and even for the simplest quantum system in place of the
classical one, the phase space of the quantum composite system
is much larger than Mg, because of the degrees of freedom corre-
sponding to the possibility of entanglement, and the total system is
always linear. All degrees of freedom of a quantum-quantum sys-
tem in the Hamiltonian formulation display only regular dynamics,
independently of the symmetries of the quantum Hamiltonian. On
the other hand, the hybrid systems are nonlinear, due to the QC
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coupling and the phase space of the form (4), and the relation be-
tween the symmetries and the qualitative properties of orbits is
like in the general Hamiltonian theory.

Explanation of the observed properties relies on the fact that
the five degrees of freedom hybrid Hamiltonian system with quan-
tum symmetric subpart has enough independent constants of mo-
tion in involution. These are given by H(x, y,q, p), Hs(x, ¥), (O’Zl),
(o}) and the norm of the state of the quantum subpart. On
the other hand Hps1 + Hine + Hg, or Hpsp + Hine + Hy do not
have enough such constants of motion since the quantum part
Hpsa does not commute with o] and o? and Hps1 with o).
Only Hg + Hjpe + Hy is integrable while those obtained with non-
symmetric quantum subparts are not and thus have some chaotic
orbits.

5. Summary

In summary, we have shown that the orbits of an integrable
classical system when coupled to a quantum system in an appro-
priate way remain regular or become chaotic depending on the
presence or lack of symmetries in the quantum part. To this end
we used the Hamiltonian theory of quantum-classical systems and
examples of qubit systems. The first fact is an important restric-
tion on our work. On the second point, the nature of our results
is qualitative and is therefore expected to be valid generically, and
not only for the considered examples. Considering the choice of
Hamiltonian theory to describe QC interaction, we were motivated
by the mathematical consistency of the theory and the fact that
the theory describes orbits of pure states of a deterministic Hamil-
tonian system. There are other consistent hybrid theories, but they
are either formulated in terms of probability densities [21,22] or
in terms of stochastic pure state evolution [20,23]. Of course, the
significance of our result could be properly judged only after the
status of Hamiltonian hybrid theory is sufficiently understood.
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Ehrenfest principle and unitary dynamics of quantum-classical systems with general
potential interaction
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Representation of classical dynamics by unitary transformations has been used to develop a unified description
of hybrid classical-quantum systems with a particular type of interaction, and to formulate abstract systems
interpolating between classical and quantum ones. We solved the problem of a unitary description of two
interpolating systems with general potential interaction. The general solution is used to show that with arbitrary
potential interaction between the two interpolating systems the evolution of the so-called unobservable variables
is decoupled from that of the observable ones if and only if the interpolation parameters in the two interpolating

systems are equal.

DOI: 10.1103/PhysRevA.89.024104

I. INTRODUCTION

Koopman—von Neumann (KvN) [1] unitary description of
the Liouville equation of classical Hamiltonian dynamical
systems was utilized for modeling hybrid quantum-classical
systems by Sherry and Sudarshan [2]. They analyzed par-
ticular types of interaction between the classical and the
quantum parts, and ad hoc prescriptions for definitions of
the corresponding Hilbert space operators. It was shown
that the premeasurement process can be modeled as an
interaction between a classical apparatus and a quantum
system within the unitary framework. Sherry and Sudarshan
also analyzed the so-called integrity conditions which ought
to be satisfied in order that classical variables remain classical
during the hybrid unitary evolution in the Heisenberg form.
Peres and Terno [3] analyzed consistency of the Koopman—
von Neumann—Sudarshan (KNS) hybrid dynamics with the
quantum-quantum and the classical-classical limits for the
case of linear interaction between harmonic oscillators. Some
aspects of the KNS formalism for a hybrid system with
specific interaction have also been studied in [4]. The authors
investigated the role of unphysical variables which are called
unobservables because they do not influence the evolution of
the physical observables of the quantum or the classical part
if there is no quantum-classical interaction. It was observed,
using particular examples of quantum-classical interaction
and specific forms of its Hilbert space description, that the
evolution of the unobservable and observable variables become
coupled.

More recently, KvN formalism and Ehrenfest principle
were used to propose a family of abstract unitary systems
interpolating between classical system and its quantized
counterpart [5]. The problem of hybrid dynamics was not
analyzed using the interpolating systems. Our goal is to study
the same type of questions, but for the most general potential
interaction between the classical and the quantum systems.
In fact, we shall obtain unitary dynamical equations for two
interpolating abstract systems (IAS) with general potential
interaction, and use this to show that generally the evolution
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of the unphysical variables is decoupled from that of the
physical ones if and only if the interpolation parameters in
the two IAS are equal. In particular, unitary dynamics of
hybrid systems with potential interaction in general couples
the dynamics of the two types of variables. However, there
is one special case in the family of general solutions such
that the corresponding quantum-classical potential interaction
does not couple the physical and the unphysical variables, and
implies other properties consistent with this fact.

II. INTERPOLATING ABSTRACT SYSTEMS
AND HYBRID MODELS

Dynamical equations for averages of the basic observables
of a classical system and that of its quantized counterpart
can be mathematically interpolated by an abstract system that
depends on a suitable parameter. The first step to achieve this
is to rewrite the dynamics of classical and quantum averages
using the same mathematical framework. This can be done by
rewriting the classical dynamics as a unitary evolution on a
suitable Hilbert space, or by rewriting the unitary Schrodinger
equation as a (linear) Hamiltonian system on a symplectic
manifold. We shall treat here the unitary approach with general
potential interaction.

Consider an abstract dynamical system with the basic
variables x;,p;,x;,m; (hereafter j = 1,2). Properties of the
system, expressed through appropriate algebraic relations
between the basic variables, are supposed to depend on
parameters a;. The basic variables satisfy commutation
relations

[xjvpj]:ihaj’ [xj»ﬂj]:[Xjan]=ihs (1)
with all other commutators being zero. Let us suppose that the
algebra (1) is represented by operators acting on a Hilbert space
‘H. Assume that the dynamical variables x;, p; are measurable
and that their averages in a state |) € H are computed
as

(xjdy = WIE; 1Y), (pjly = (W1p;l¥). 2
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Suppose that the dynamics of these averages is given by the
Ehrenfest principle

d A .
S OLE () = W O1LL [y (o), (3a)
t m

i
d
2 OIB 1Y @) = O] — ViEDI@),  (3b)

and that the state evolution is unitary ifi|yr) = Hias|¥).
The corresponding evolution equations for the dynamical
variables in the Heisenberg form are ihdX;/dt = [X j,I:IIAS]
and analogously for p;,%;,7;. The operator Hias is the
evolution generator and might depend on all dynamical
variables Hips = Hias(%j,pj,%j,7;). It is not necessarily
interpreted as the physical energy. It should be remarked that
the relations (2) and (3) are treated as axioms in the general
abstract formulation [5], expressing the conservative nature of
the dynamics. Following the approach of [5], one can obtain
the class of evolution generators yielding (3),

. 1 P . . L .
Hias = ) ;(ﬁJer(xj))Jer(xj —ajxj.Pj —a;7)),
j=1.2 J J

“)

where F; are arbitrary functions of the indicated arguments.
Observe that, consistent with (3), there are no terms coupling
observables with different subscripts, so that the abstract
system (4) can be interpreted as a compound system with
two noninteracting components.

Explicit representation of the operator Has depends on the
representation space H, and is not important in our analysis.
Nevertheless, it should be remarked that the Hilbert space H
is determined as a space of an irreducible representation of
the algebra (1), and is the same space for any value of the
parameters a;. In particular, it is seen that in the case we want
to represent two quantum systems, the Hilbert space needed
to accommodate (1) with a; = a, = 1 is larger than the space
Ly(x1) ® Ly(x2) = Ly(x1,x3), whichis relevant in the standard
quantum mechanics without the additional variables x;,7;. It
can be shown that one irreducible representation of the algebra
is provided with the Hilbert space of operators on L,(x1,x7)
[6]. Thus, the vectors from H can be considered as density
matrices or mixed states of the quantum-quantum system
[5]. Similarly, if the abstract systems represent two classical
systems, i.e., when a; = a, = 0 so that £;,p; all commute,
the interpretation of the state |y) is that of the amplitude
of a probability density p(x1,x2, p1, p2) = |(x1,%2, p1, p2l )|
on the corresponding phase space M(xy,x2, p1,p2) [5]. The
scalar product in (2) coincides with the ensemble average
Sy pxjdMor [, pp;dM.Observe that the classical Hilbert
space can be partitioned into equivalence classes |i) ~
e'?|yr), where each class corresponds to a single density p. The
evolution equations preserve the equivalence classes because
there is no interaction [4].

Convenient choices of the arbitrary functions F; can
reproduce the evolution equations for noninteracting classical-
classical (C-C) (a; = ap = 0), quantum-quantum (Q-Q) (a; =
a; = 1), and classical-quantum systems (C-Q) (¢ =0, a; =
1). The relevant choice of functions F; and the corresponding
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equations can be obtained as the special case from the general
equations, that will be given later, with interaction set to zero.

For arbitrary a;,a, # 0,1 the dynamical equations describe
the evolution of an abstract system interpolating between
the quantum and the classical systems (hence the notation
I:IIAS). Because there is no interaction between the two
systems, the evolution of £;,p; is also independent of ¥;,7;.
The system has 2 4 2 degrees of freedom, and each of the
degrees of freedom evolves independently of the others. If
the abstract system (4) is meant to represent two quantum
or two classical systems, the variables £;,p; are interpreted
as physical observables of coordinates and momenta. The
variables X;,7;, similarly as Hias, do not represent physical
observables. They are dynamically separated from the physical
observables and appear because the family of systems (4) must
interpolate between the classical and the quantum dynamics

[5].

II1. TAS WITH GENERAL POTENTIAL INTERACTION

Potential interaction between two quantum systems or
between two classical systems appears in the equations of
motion in the form of gradients of the corresponding scalar
potential. In the extended Hilbert space formalism, which is
required for the formulation of the IAS, such potential Q-Q or
C-C interaction can be represented by an operator expression
in terms of all variables with the role of coordinates W =
W(X1,%2, X1, X2)- We assume that in the dynamical equations
for the corresponding momenta W should appear as a gradient
with respect to the corresponding coordinate.

We shall now consider dynamics of two abstract systems
with arbitrary values of a;,a, and with an arbitrary potential
interaction between them. Like in the Q-Q and C-C cases, we
demand that the following relations hold:

d A .
WL () = (WO 2L 1w (1)), (5a)
t m;

J

d . aw
= W@IP; V@) = (YOI = Vj(5)) = aTA]_I\I’(t»- (5b)

Notice that the potential interaction can be completely gen-
eral. Particular examples of interaction which do not necessar-
ily satisfy (5) have been assumed in a somewhat ad hoc manner
and studied in [2-4]. Our goal is to determine the unitary
evolution generator ﬁlAs = Hias(X1, P1,X2, P2, X1,71, X2,72)
such that i%i|dW(r)/dt) = Hias|W(2)) holds. The unitary
evolution and (5) give the following relations:

. pj | A L AW
e j s H =) - T o H, =V j NA 0
LX) Hias] " - LPj: Hias] = Vi(&)) + 7%,
(6)
and the related system of partial differential equations (PDEs)
for the function Hias,

0His | 0Hias _ pj

) =L, Ta

! 3pj 87Tj m; ( )
0H, 0H ow

a;j—25 4 TN oy —. (7b)
ij an J ij
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The commutation relations (6), i.e., the PDEs (7), are
not consistent for an arbitrary choice of the interaction po-
tentialAW. Jacobi identity [Hias,[p1, 211 + [P1.[ P2, Hias]l +
[P2.[Hias, P1]] = 0 and the commutation relation [p1, p2] = 0
imply that [p1,[p2, Hias]] = [P2,[P1, Hias]], so that

0 + 0 0 + 0 H, 0 8)

ag— 4+ —,ap— + — =
Yoy T ox Coxy | axa] ®

must be satisfied. Invoking the second relation of (7), we get

the consistency requirement

a N a \ow d n a \ ow 0.
ag—+—)—-|axo—+—)—=0.
! 8x| 8)(1 3X2 2 8)62 3)(2 3)(]
The general solution of (9) is

W= / Wx1 + (o —a)xi, x2 + (@ — az) x2, @) da,
—00

(10)

where W is an arbitrary function such that the previous integral
is defined. Note that when a; # a5, i.e., when the systems are
of different type, the interaction potential W will depend on at
least one of the unobservables %1, ». This conclusion remains
valid in the particular case of a hybrid classical-quantum
system, where a; = 0 corresponds to the classical part and
ap = 1 is related to the quantum part. Let us stress that this
fact is proved here for quite general potential interaction and
not just observed for some special choices of the interaction
[3,4].

Consider a particular choice of W o §(a — a) yielding
the interaction potential W = W (%, + (a — a1) 1, %2 + (a —
a)X2). The related solution of the PDEs (7) gives

1 ( P

N _ J .

HIAS = E —a4 <—2m + Vj(xj))
j=12"/ J

| S .. .
+ P W&+ (a —a)i, X2+ (a — ax)2)

+F(X —ai X1, p1 — a171,% — ax X2, P2 — ax 2),
(11)

where F is arbitrary real-valued smooth function that com-
mutes with the observables O(X;, p;,X2, p2). Let us observe
that when the two systems are of the same type, the unobserv-
ables do not influence the evolution of the physical observables
for the choice @ = a; = a. The result (11) can be extended,
although with some care, to the limit @ — 0, which will turn
out to be interesting for the hybrid Q-C system. Namely, one
can take a part of the function F to be of the suitable form
—LW(& — a1 21, %2 — ax %) that yields in the  — 0 limit,

Hips = ) i<ﬁ +V~()E-)>
s 2 a\am, j
+01W(E —arfi, X2 — a2 32) X
+ LW —aixi, 22 — a2 X2) X2
+ F(& — a1 X1, p1 — a1 71,5 — ax fo, pr — a2 2),

(12)
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where 9; W denotes partial derivative of the potential with
respect to the jth argument.
The limit of (11) when a; — 0 can also be obtained by

choosing a part of the function F in the form —%[W +
J J
v, (X; — a;%;)], asin[5]. In particular, this yields the Hamilto-
nian, as the dynamics generator, of a hybrid classical-quantum
system (a; — 0,a; = 1)
. b P3
Hyp = =2 711 + V(&) 1 + == + Vy(f2)
mi 2my
. A .
+ Z W& +ax, X2 + (a — 1))(2)
+ F(%1,p1,%2 — %2, P2 — ), (13)

where the first four terms describe a noninteracting hybrid sys-
tem. As already mentioned, the interaction potential depends
on at least one of the unobservables X, X>. The appearance
of the unphysical variables in the Hamiltonian is not a
problem per se, because the Hamiltonian is anyway interpreted
as the dynamics generator and not as the physical energy.
Additionally, in the purely C-C case (¢ = a, = a — 0) one
gets

A P . N 2 A
Hee= L7 4+ V(@) {1 + =2 0 4+ V3(52) 22
mi ny

+ 0 W(ki,x2) X1 + 0 W(E1,%2) %o, (14)

with the unobservables being present, but not within the
arguments of the interaction potential. However, in the C-C
case the unphysical variables do not appear in the evolution
equations of the physical observables. We may remark in
passing that W is not interpreted as the potential energy
of the hybrid, but as a term in the generator of dynamics
corresponding to the potential interaction. However, the crucial
property of hybrid Q-C systems is that the equations of motion
for the physical and unphysical variables become coupled.
Those equations are easily obtained from the generator (13).
Thus, we have shown that the dynamical equations couple
physical and unphysical variables in the case of a potential
Q-C interaction in general, that is with the Hamiltonian of the
general hybrid form (13).

A very special case of (13) is obtained in the limit a — 0
with the appropriate choice of the function F yielding the
Hamiltonian

o A2

5 P14 AN A P ~

Hyp = — 711 + VI(ED 1 + == + Vo(%2)
m 2m2

+ W&, X2 — R2) X+ R W(E, X2 — X2) X2,
(15)

with the corresponding equations of motion of the variables

i _ b (16a)
dt mj’
dp;

— = Vi@ = WG f2 = R2). (16b)

d
S~ X)) =0 (16¢)
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This solution describes the situation when the evolution of the
classical system depends on the quantum system only through
a constant of motion X, — X,. In this very special case of the
general hybrid solution, the classical variables see only a quite
coarse-grained effect of the quantum evolution. On the other
hand, the dynamics of the quantum sector is influenced by
the details of the dynamics of the classical physical variables
X1,p1. In addition, this is the only case of the potential Q-C
interaction which satisfies the integrity principle of Sudarshan
[2]. Namely, the terms 9; W (X, X, — %2) in this form of
the Hamiltonian commute with the momenta p;, p», which
assures commutation of the classical variables at different
times.

IV. SUMMARY

We have studied the type of theory of hybrid quantum-
classical systems where the evolution is described by unitary
transformations on an appropriate Hilbert space. The fact
that both classical and quantum mechanics can be formulated
on the same Hilbert space makes it possible to introduce a
parameter dependent family of abstract systems interpolating
between a classical system and its quantized counterpart [5].
The variables involved in the formulation of the abstract
interpolating model can be divided into two groups, one with
the standard physical interpretation and one with no physical
interpretation. In the limits of the classical or the quantum
system the two groups of variables are dynamically separated.
We have studied two such abstract interpolating systems with
quite arbitrary potential interaction between them. General
solution for the problem of constructing dynamical equations

PHYSICAL REVIEW A 89, 024104 (2014)

for such a pair of systems is provided. It is shown that, with
the most general type of potential interaction, the dynamics
of the two groups of variables is separated if and only if the
two abstract interpolating systems have the same value of the
interpolation parameter. On the other hand, if the interpolation
parameters of the two system are different, the two groups
of variables dynamically influence each other. The variables
which can be considered as unphysical and cannot be observed
in the purely quantum or in the purely classical case, do have an
observable effect in the hybrid quantum-classical system. Our
results demonstrate this fact for arbitrary potential interaction,
in line with the previous special cases [3,4]. Analogous
conclusions are obtained in the symplectic approach to the
conservative hybrid dynamics [7,8], and the analogy is worth
further investigation. We have also analyzed the particular
case of the general solution corresponding to the situation
when the classical part is influenced by the quantum part only
through a particular combination of the variables from the
quantum system that remains constant during the evolution.
This, rather special case, is the only possible dynamics of the
hybrid system within the framework of unitary dynamics with
potential interaction, when the physical and the unphysical
variables can be considered as decoupled, and also when
the Sudarshan integrity condition of the classical system is
satisfied.
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Abstract Geometric phases for evolution of statistical ensembles of Hamiltonian dynami-
cal systems are introduced utilizing the fact that the Liouville equation is itself an infinite
integrable Hamiltonian system. This general framework provides unified treatment of ge-
ometric phases for pure or mixed states of classical, quantum or hybrid quantum-classical
systems.

Keywords Geometric phases - Statistical ensembles

1 Introduction

Geometric phases have been introduced in order to describe non-holonomic effects in the
evolution of pure quantum states (the most relevant references are listed and commented in
[1]). Originally defined for adiabatic and cyclic evolution, the notion of the geometric phases
has been extended to arbitrary curves in the space of pure states. It has been realized that
objects with analogous meaning exist in the dynamics of pure states of an integrable clas-
sical mechanical system [2, 3]. However, most states in applications and experiments are
mixed rather than pure. The problem of an appropriate definition of geometric phases for
mixed states has been approached from different perspectives, and the different approaches
resulted in nonequivalent definitions [4-9]. Geometric ideas analogous to those applied in
the case of pure states have been explored also in the context of mixed states [10]. It is fair
to say that the proper definition of geometric phases for mixed states is still an unsettled
issue. In this communication we present a unified treatment of a special type of geomet-
ric phases for statistical ensembles of Hamiltonian dynamical systems with different details
and physical interpretation. The type of geometric phase treated here is a generalization of
Hannay angles introduced for adiabatic time-periodic Hamiltonian evolution of integrable
classical systems in pure states. Our approach is based on: (a) the fact that quantum systems
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(with finite state spaces) and classical mechanical systems are examples of Hamiltonian dy-
namical systems with finite number of degrees of freedom [11-13]; and (b) the fact that the
Liouville evolution of statistical ensembles of such Hamiltonian systems is an integrable
(functional) Hamiltonian system. The approach applies also on the Hamiltonian description
of so-called hybrid systems, i.e. systems composed of interacting classical and quantum
units [14—17]. In what follows we shall first present the general theory leading to the notion
of Hannay angles for statistical ensembles of Hamiltonian systems (with arbitrary physical
interpretation). The general definition provides the corresponding definitions for the Han-
nay angles of classical, quantum and of hybrid systems in mixed and in pure states. Our
presentation is conceptual rather than mathematically rigorous. Presentation containing all
necessary details would require much larger space, but is possible, using the methods and
results presented for example in [18, 19].

2 Hamiltonian Framework for Pure States

Evolution of conservative systems, either of classical mechanical or of quantum variety or of
hybrid type, can be described using the mathematical framework of Hamiltonian dynamical
systems. Formulation of classical mechanics as a Hamiltonian dynamical system is well
known [18]. In the case of a quantum system with an N dimensional Hilbert space H" the
corresponding phase space is given as M = R?", or using normalization and global phase
invariance by M = CPVN~! = §2N=1/S! The symplectic structure on M is given by the
imaginary part of the Hilbert space scalar product, and the system also has real Riemannian
structure given by the real part of the scalar product. A point from M associated with the
state |) (or the corresponding ray) is denoted as xy,. Generic point from M will also be
denoted by x or x?, where @ = 1,2,...,2N is an abstract index. The dimension of the
quantum phase space is 2N where N is the complex dimension of the system’s Hilbert
space. It should be stressed, perhaps, that the canonical coordinates have nothing to do with
the canonical coordinates of the classical system that after quantization gives the considered
quantum system with the Hilbert space H. The Hamilton’s function H (x) is given by the
quantum expectation of the Hamiltonian H in the state [Vy) < x: H(x) = (Y, |I:I |Y.). The
Schrodinger dynamical law is that of Hamiltonian mechanics

=V, H. 1)

In the Hamiltonian formulation of QM, only the quadratic functions generate the auto-
morphisms, and only such functions are related to dynamical variables or observables. In
fact, all dynamical variables are represented by quadratic functions A(x) on M and are
the quantum mechanical expectations of the corresponding quantum observables A(x) =
(VU |AA|1/IX>. In particular, the canonical coordinates of the quantum phase space do not have
this physical interpretation. It is important to observe that the Poisson bracket between two
quadratic functions is also a quadratic function and satisfies

1 A oA
{A1(x), A0} = E(wqul,Az]}wx). ()

An arbitrary density on M generates a statistical operator
p= / P (x)dx (3)
M
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where I7(x) is the projector on the state |,) and dx is the appropriate volume element.
Expectation of an observable 4 (x) in an ensemble p(x) is given by

(plh) = / h(0)p(r)dx = Tr A1, 4
M

All densities p(x) with the same second moments give the same expectation of the observ-
able h(x), and the same p via (3), and are therefore equivalent. The Liouville equation maps
equivalent densitie§ into equivalent densities, and generates the von Neumann equation of
) = [ p( DI (x)dx.

Hamiltonian formulations of a quantum system and of a classical system are combined
to give the Hamiltonian formulation of a hybrid system as in [14—17]. Ensembles of such
hybrid systems are represented as for any Hamiltonian system by the phase space densities,
but the corresponding Liouville equation generates evolution of the quantum degrees of
freedom with peculiar properties. This will be further discussed later in the context of the
appropriate geometric phases.

3 Liouville Equation as a Hamiltonian System

In general, the triple (M, w, h) consisting of the 2N dimensional symplectic manifold M,
some symplectic structure @ and the Hamiltonian function % (x) on M completely specifies
the Hamiltonian system, which could correspond to a classical, quantum or hybrid system.
Points from M represent the pure states of the considered system. If the system with the
Hamiltonian £ is integrable, then there is a preferred choice of the canonical coordinates,
the action and the angle coordinates (j;,6;), i = 1,2,..., N, and there exist N geometric
phases (called Hannay angles) [2, 3] associated with the evolution of the pure states. If the
Hamiltonian system is of the quantum origin, then it is linear and therefore integrable, and
the Hannay angles reproduce standard geometric phases associated with an adiabatic unitary
evolution of a pure quantum state [15, 16].

A statistical ensemble of Hamiltonian systems is described by a probability density p(x)
on M. The set of densities has the structure of an infinite-dimensional manifold and is
denoted by M. Physically, p € M may correspond to an ensemble of classical mechanical
systems, to a mixed quantum state p = f M p(x)ﬁ (x) or to an ensemble of hybrid systems.
From the interpretation of p(x) as a probability density follows the evolution equation for
p(x; 1), which is just the linear Liouville equation

dp/ot =—{p, h}m. (%)

The central point of our approach to the general construction of Hannay angles is the fact that
the Liouville equation for p(x;¢) on a finite-dimensional M can be presented in the form
of an appropriate functional Hamiltonian dynamical system [18—20]. The infinite manifold
M admits Poisson structure which, however, is degenerate. Degeneracies correspond to
gauge degrees of freedom and the Liouville equation needs to be restricted onto an invariant
submanifold of M which admits a nondegenerate i.e. symplectic structure. The relevant
submanifold is determined by the automorphism group of the original system (M, w, ). In
the general case this is the group of canonical transformations on M, denoted by G. The
Lie algebra g of the infinite Lie group G consists of the Hamiltonian vector fields on M and
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is isomorphic to the Lie algebra of smooth functions C*°(M). Tpe dual of C*(M) is the
coadjoint algebra g* isomorphic with the space of densities p € M. The paring is given by:

(plh) = f PR (r)dx. ©)
M

In order to present the Liouville equation p = —{p, H}», as a Hamiltonian dynamical sys-
tem, one follows the standard construction of the symplectic structure on a coadjoint orbit
0, =G/G, of the Lie group G, where G,, is the invariance subgroup of p. First, a Poisson
structure is defined on M [20, 21] as

(Hi(p), Ha(p)} —/ {—Ml —”’2} dx
0 = | ey
= [ othr.ha)siar. ™)
M

where H;(p) = f v Phidx. The Poisson structure (7) on M is degenerate but its restriction
on an orbit of G in §

0,={poir|reg} (®)

gives the desired symplectic structure on O, denoted by w(p). It follows, from an ap-
propriate formulation of Darboux theorem, that O, admits canonically conjugate variables
p(x) = (Q(x), P(x)) [18]. The manifold M is a union of disjoint symplectic submanifolds
0,.

Remark The order of introducing the Poissonian structure on M and the symplectic struc-
ture on the coadjoint orbit O, can be reversed. In fact, a tangent vector to O, at p € O, has
the following form {p, h}r( for some & € g. The Kirillov, Kostant and Souriau symplectic

form [19, 20] on O, is given at p by
The Hamiltonian vector fields X on O, are given by functionals F : g* — R by the formula

SF
XF(P):{/L%} (10)
M

In this order of definitions, the Poisson bracket on M is given by
{Hl(p)sz(p)}M:a)(XHpXHg) (11)
which, by (9) and (10), coincides with the definition via (7).

The Liouville equation (5) appears as a Hamiltonian system on M with the correspond-
ing Hamiltonian H (p) = f  Phdx and the Hamiltonian equations

p=1{p, H} ;i =1{h, pIm. (12)

In fact, as pointed out, a coadjoint orbit is invariant under such an evolution so that the Li-
ouville equation can be regarded as an integrable Hamiltonian system (O,, @, H) on each

@ Springer



1050 Int J Theor Phys (2014) 53:1046-1055

coadjoint orbit. The Hamiltonian system on the coadjoint orbit (O,, w, H(p)) has no gauge
degrees of freedom and all invariant quantities are due to symmetries. The Hamilton equa-
tions (12) are linear and therefore integrable.

Remark In what follows we shall have to deal with a Hamiltonian that depends on time-
dependent parameters R(¢). Furthermore, it will be assumed that the time dependence is
periodic R(t + T) = R(¢) and adiabatic. The major observation is that any solution p(¢)
of the Hamiltonian system (12), corresponding to the Liouville equation with such periodic
time-dependent Hamiltonian, belongs to a single coadjoint orbit.

The functional Hamiltonian dynamical system (M, £2, H), or its restriction on an or-
bit O,, will be refereed to as the ensemble Hamiltonian system. This Hamiltonian formu-
lation of the Liouville equation on the phase space M is different from the Hamiltonian
formulation for ensembles on a configuration space utilized in [22, 23]. Notice that in the
Hamiltonian formulation of the Liouville equation presented here, the abstract Hamiltonian
system and the Liouville equation, and also the ensemble Hamiltonian, are of the same form
irrespective of the physical origin of the Hamiltonian system (M, §2, H). In the “ensemble
on configuration space” approach of [22, 23], the ensemble Hamiltonian corresponding to a
classical system differs in form from the one corresponding to a quantum system. Further-
more, only pure quantum states are treated in [22, 23].

4 Hannay Angles for Densities

The Hamiltonian evolution equation (12) for p(x;¢) is linear. Therefore, the ensemble
Hamiltonian system is an integrable Hamiltonian system with an infinite number of degrees
of freedom. As an integrable Hamiltonian system the ensemble evolution has the appropri-
ate geometric (Hannay) angles. The geometric angles are introduced via generalization of
the standard procedure for the Hannay angles of an integrable system with finite number of
degrees of freedom.

The action-angle variables of the integrable system (O,,w, H(p)) are denoted as
(J,0) ={(Jy(Q, P),O(Q, P)), k=1,2...}. The evolution of p(x;¢) is restricted onto
a single one of the infinite number of infinite dimensional invariant Lagrangian submani-
folds. If the Hamiltonian / depends on a time-depended multi-parameter R(¢) the ensem-
ble Hamiltonian H (p; R(#)) also depends on R(z). As in the standard definition of the
Hannay angles, we shall assume that the time dependence is periodic R(t + T) = R(¢)
and adiabatic. The generating functional of the time-dependent canonical transformation
S(R(t)):(Q, P) — (J, ®) such that H does not depend on @ is analogous to the standard
treatment of the Hannay angles in the finite mechanical case. The new Hamiltonian is

H'(©,1:1)=H(Q(©, ;1. P(©,]:1) + w a3

where §'(©, J; t) = S(Q, J; t) satisfies the chain rule

95 _9S  850Q _3S 00

- = — == . 14
ot at +5Q ot ot at (14
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Integration of the Hamilton’s equation % = %—’j/ followed by ® integration over each one

of the infinite-dimensional Lagrangian submanifolds parameterized by values of J gives
8 T
AB(D) = o= / dt/D@H(Q(@, J), P(©,J);1)
kJo

I a
- — dt | DOPO,J;1))—Q0(O, J;t 15
i [ ar [ per©.singo@. s (s)
where D@ is the normalized measure in the functional angle space. For each k the first term
is the dynamical phase A®, and the second term is the geometric phase A@, ;, acquired
by the evolution of p. There is an infinite number of geometric phases A@, ;. These phases
are by construction gauge invariant.

5 Special Cases
5.1 Hannay Angles in the Case of a Pure State

If p is a pure state represented by a delta function on M, then O, coincides with M.
In this case and for an integrable Hamiltonian system on M, as in the quantum case, the
above general procedure gives standard Hannay angles. As is well known [15, 16] these are
equivalent to the geometric phases of the corresponding quantum system in a pure state.

5.2 Hannay Angles for a Quantum Mixed State

Consider now the above formalism appropriate for quantum systems, where the preservation
of the Riemannian structure of M introduces the corresponding restrictions on G, g and g*.
The structure isomorphism group G, in the quantum case is the finite subgroup of canonical
transformations generated by quadratic functions on M. This is isomorphic to the unitary
group U (N). The group Lie algebra g, is the Lie algebra of real quadratic functions identical
to the Hermitian operators on H". It is a peculiarity of quantum mechanics to consider as
representatives of mixed states of a system only those elements of the dual algebra which are
given by density matrices 0, or equivalently by equivalence classes of densities. The pairing
between the algebras is given by f M PR (xX)dx = Tr[,éfz] where p is any element of the
equivalence class p; and £(x) is the quadratic function representing h. The coadjoint orbit
through 4 is isomorphic to

UN)/U(ky)...Ukw), ki +ky+---+k, =N, (16)

where ki, k, ...k, are dimensions of the eigenspaces of . The symplectic structure on
O;, introduced in Eq. (9), turns O; into a finite-dimensional symplectic manifold. The di-
mension of O; depends on the spectrum of /. The algebra of density matrices is a union of
disjoint symplectic manifolds O;. The von Neumann equation for  restricted onto the sym-
plectic manifold O is seen as an integrable Hamilton system with finite number of degrees
of freedom. An equivalent construction directly in terms of finite Hilbert spaces and unitary
evolution was treated in detail for special types of density matrices in [10]. The orbit O,
is invariant under the evolution with periodic and adiabatic time dependence of the Hamil-
tonian. The finite number of Hannay angles for this Hamiltonian system on O; provide an
example of geometric phases for the mixed state p(¢). The orbit O and the definition of the
Hannay angles depend only on p and not on particular convex mixture representation of p.
As in the general case, the geometric phases are gauge invariant by construction.
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5.3 Hannay Angles for a Hybrid System

There is no unique generally accepted theory of interaction between micro and macro de-
grees of freedom, where the former are described by quantum and the later by classical
theory. The reason is primarily because each of the suggested theories has some unexpected
or controversial features (see [14] for an informative review). Partial selection of hybrid
theories can be found in [22, 24-28]. Some of the suggested hybrid theories are mathemati-
cally inconsistent, and “no go” type theorems have been formulated [29], suggesting that no
consistent hybrid theory can be formulated. Nevertheless, mathematically consistent but in-
equivalent hybrid theories exist [14, 22, 28]. The Hamiltonian hybrid theory, as formulated
and discussed for example in [14—17], has many of the properties commonly expected of a
good hybrid theory. In fact, the dynamical formulas of the Hamiltonian theory are equiva-
lent to the well known mean field approximation, the main novelty being that the theory is
formulated entirely in the framework of the theory of Hamiltonian dynamical systems.

General procedure for construction of Hannay angles requires construction of the sym-
plectic manifold O, using the group of automorphisms of the relevant structure. Therefore,
we need to determine the automorphism group of a hybrid system in the Hamiltonian for-
mulation. To this end we first present a brief recapitulation of the Hamiltonian formulation
of hybrid systems dynamics as described in [14, 17].

The phase space of the hybrid system M is considered as a Cartesian product M =
M. x M, of the classical subsystem phase space M, with dim M, = 2N, and of the quan-
tum subsystem phase space M, with dim M, =2N,. Local coordinates on the product are
denoted {p, ¢, x, y}, where (p, q) € M, are called the classical degrees of freedom (CDF)
and (x, y) € M, are called the quantum degrees of freedom (QDF). The evolution equations
of the hybrid system are of the Hamiltonian form with the Hamilton’s function comprised
of three terms

H(p,q,x,y)=H.(p,q)+ Hy(x,y) + Vine (P, g, X, ¥), (17)

where H, is the Hamilton’s function of the classical subsystem, H, (x, y) is the Hamilton’s
function of the quantum subsystem and V;,,(p,q,x,y) = (Wx’y”},‘m(p,q)h//x,y), where
Vit ( P, q) is an operator in the Hilbert space of the quantum subsystem which depends on
the classical coordinates (p, ¢) and describes the interaction between the subsystems. The
Poisson bracket on M of arbitrary functions of the local coordinates (p, ¢, x, y) is defined

as
EL(of 0f  0f Of;
Ui, Pl = <—'———'—>
; dq; dp;  dq; Ip;

1 af1 o af>
RSV R Y TAY %)
h—\dx; dy;  9x; dy;
Thus, the Hamiltonian form of the hybrid dynamics on M as the phase space reads
q=1{q, H}m; p=1{p, Hi}m, (19)
)‘C:{xaHt}Mﬁ y:{vat}Ms (20)

where H; is given by (17). The evolution of QDF might be nonlinear due to the nonlinear
evolution of CDF and the interaction between the QDF and CDF.
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The most general ensemble of hybrid systems is represented by some probability den-
sity p(p, ¢, x,y). The densities evolve according to the Liouville equation with a solution
p(p,q,x,y;t). The density p(p,q,x, y;t) for any fixed ¢ generates a unique statistical
operator:

Pty = f p(p. g x.y: DIT(x, y)dM. 1)
M

Due to the properties of the Liouville evolution of p(p, g, x, y; t) the formula (21) defines
a continuous one-parameter family of statistical operators on H.
The dynamical equation for p(r) [30] is

dp 1. .
o0~ A, 5]
1 N .
+— | [Viu(p.@). p(p.q: D]dM.. (22)
lh M.

The first term generates the unitary part of the evolution and the second term does not pre-
serve the norm of 4 and is responsible for non-unitary effects. Nevertheless, the evolution
of the density of the total system is Hamiltonian and given by the Liouville equation. No-
tice that the evolution of p(¢) cannot be expressed only in terms of o(¢), but irreducibly
involves the full probability density p(p, ¢, x, y; t). Many hybrid ensembles represented by
different p(p, ¢, x, y; fy) have the QDF in the same mixed state p(zy). However, different
o(p,q,x,y; ty) that give the same p(ty), generate different evolution of p(¢) and thus must
be considered as physically different [30].

The evolution equation (22) for 4(¢) is reduced to (19) and (20) if the initial p(p, ¢, x, ; fy)
is a pure state in M. If however, the initial density is of the form § (x — x¢)5(y — yo) (¢, P),
the pure state p(f9) = |, (f0)) ¥y, (fo)| might evolve according to (22) into a non-pure
mixture. This in an important observation for the hybrid description of the quantum mea-
surement process.

The evolution of QDF of a hybrid system is fundamentally different from the linear
evolution of a quantum subsystem of a quantum system. The characteristic main features of
the QDF evolution are expressed by the nonlinearity of the pure state evolution, or by the
dynamically induced differences of 6(¢) with different convex mixture representations of the
initial p(fy). Therefore, the automorphism group of a hybrid system is not G.(N.) @ U (N,),
but must be taken to be the infinite group of all canonical transformations i.e. G.(N, +
N,). Therefore, the Hannay angles for a hybrid system in a general mixed state p(x) are
given by the formula (15) of the general case. Infinite number of Hannay angles for the
QDF can be interpreted as dependence of the QDF geometric phases on the convex mixture
representation p = f ,o(x)ﬁ (x)dx i.e. on the full details of the density p. In the case of the
initial state which is pure in both QDF and CDF, and for an integrable classical subsystem,
the situation is reduced to the general pure case, and the corresponding N, + N, Hannay
angles provide the geometric phases and the Hannay angles of the quantum and the classical
subsystems respectively.

6 Summary

Our goal in this paper was to indicate the existence of a general framework for unified
treatment of geometric phases in classical, quantum and hybrid system in pure or mixed
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states. In the general case the Liouville dynamical equation can be presented in the form
of a Hamiltonian dynamical system and this fact enables one to introduce the concepts of
geometric phases quite generally. In this way the geometric phases in all these cases could be
seen as a consequence of the geometry of Hamiltonian dynamics. However, in this paper we
have treated only the very special case of geometric phases, that are generalizations of the
Hannay angles of a classical integrable system in a pure state undergoing time periodic and
adiabatic evolution. The Hamiltonian formulation of the Liouville equation is applied for
the treatment of linear time-periodic and adiabatic Hamiltonian dynamics and the derivation
of the corresponding generalized Hannay angles. Hannay angles in the particular cases like
quantum, integrable hybrid and integrable classical systems in pure or mixed states can
be obtained as special instances of the general procedure. Thus, we have used the general
framework to explore only a very special issue, and in this way illustrate our main point. To
the best of our knowledge, there has been no discussion of Hannay angles for mixed states in
either quantum or classical case, and therefore no direct relation with existing constructions
of geometric phases for mixed states in the form of Hannay angles is possible. Unified
treatment of geometric phases, and geometric issues, in other types of evolution that have
been treated, specially in the context of quantum mechanics, have not been discussed. In
particular we did not pursue the relation of the symplectic area of the phase space in the
general formulation with the possibility to introduce a single geometric phase. Also, we
did not analyze the importance of bundle structures and parallel transport conditions of the
general state space for the geometric understanding of generalized geometric phases. These
issues will have to be treated within the general framework in order to discuss the cases
of single geometric phase introduced in quantum cyclic unitary dynamics of mixed states
like in [6] and [10]. The generalized Hamiltonian framework presented here is probably not
suited for the treatment of very relevant case of the geometric phase of non-unitary evolution
of mixed states [7-9].
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Abstract Representation of quantum states by statistical ensembles on the quantum
phase space in the Hamiltonian form of quantum mechanics is analyzed. Various
mathematical properties and some physical interpretations of the equivalence classes
of ensembles representing a mixed quantum state in the Hamiltonian formulation are
examined. In particular, non-uniqueness of the quantum phase space probability den-
sity associated with the quantum mixed state, Liouville dynamics of the probability
densities and the possibility to represent the reduced states of bipartite systems by
marginal distributions are discussed in detail. These considerations are used to study
ensembles of hybrid quantum-classical systems. In particular, nonlinear evolution of
a single hybrid system in a pure state and unequal evolutions of initially equivalent
ensembles are discussed in the context of coupled hybrid systems.

Keywords Statistical ensembles - Hybrid systems

1 Introduction

Schrédinger equation of quantum mechanics (QM) on a Hilbert space 7 can be writ-
ten as a Hamiltonian dynamical system on the corresponding phase space [1-5].
This fact enables elegant treatment of quantum dynamical problems, like for ex-
ample analysis of quantum dynamics with nonlinear constraints [6, 7] and related
issues of classical limit [8, 9]. One hopes that full geometrical formulation of QM
analogous to that of classical Hamiltonian systems, besides its usefulness in the
dynamical issues and its mathematical elegance, will also provide better intuitive
understanding of typically quantum phenomena [4, 5]. Furthermore, the Hamil-
tonian formulation is specially convenient for the treatment of coupling between
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classical and quantum systems, called hybrid systems, [10-13], because it pro-
vides a unified mathematical framework for both theories. However, the formal
similarity between the Hamiltonian formulation of QM and that of classical sys-
tems is only partial, and there are differences in some crucial aspects. The pur-
pose of this paper is to analyze the relation of quantum mixed states with the cor-
responding statistical ensembles of quantum systems in the Hamiltonian formula-
tion, and to utilize such considerations for an analysis of ensembles of hybrid sys-
tems.

The fundamental difference between the Hamiltonian formulation of QM and of
classical mechanics (CM) is in the classes of phase space functions which are con-
sidered as representing dynamical variables in the two theories. In the Hamiltonian
formulation of QM only the quadratic functions on the phase space are interpreted
as observables. Functions of more general types generate nonlinear evolution of the
quantum states. However, non-quadratic functions and nonlinear evolution of the
quantum degrees of freedom appear naturally in the theory of hybrid systems. This
fact has profound physical significance, and is reflected in the interpretation of the
results of the hybrid theory. Another, but related, type of striking differences and
incomplete analogies between Hamiltonian formulations of QM and CM are intro-
duced when states more general than pure are considered. Such considerations re-
veal, from a new perspective, some well known deep features of quantum mixtures,
represented by density operators 0, but also point out to some less known differ-
ences between quantum and classical ensembles represented by density functions
o on the quantum phase space. Consequences of these differences in the Hamilto-
nian formulation of hybrid systems is the main topic of this paper. Thus, our main
motivation for the discussion of differences between quantum mixed states and gen-
eral statistical ensembles in the Hamiltonian formulation of QM, given in Sect. 3,
is to better understand the behavior of ensembles of hybrid systems, presented in
Sect. 4. In particular, we analyze, in Sect. 3.1, relations between classes of equiva-
lent discrete convex combinations of pure quantum states on one side, and classes of
equivalent statistical ensembles in the Hamiltonian formulation of QM on the other
side. The well known result of Hughston, Josza and Wooters [14], about the rela-
tion between different finite convex representations of a mixed state is generalized
to Hamiltonian ensembles represented by general densities. Typical representatives
of the equivalence classes of densities representing the same mixed state, such as
Gaussian densities, are discussed. Correct interpretation of the phase space function
(¥ 1p|¥), where p is a density matrix, versus a density p corresponding to that den-
sity matrix p is stressed. In Sect. 3.2 we briefly describe the formulation of Liou-
ville equation as a Hamiltonian dynamical system. We then analyze, in Sect. 3.3,
the relation between the statistical operator obtained by tracing out a subsystem of
a quantum system in a pure state on one side, and the statistical ensembles given
by marginal distributions in the Hamiltonian formulation on the other side. These
considerations are important for proper interpretation of some recently obtained re-
sults in the Hamiltonian formulation of hybrid systems [10, 13], which we discuss in
Sect. 4.
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2 Hamiltonian Formulation

Quantum and classical mechanics might be formulated using the same mathematical
framework. Relevant references for the CM case are [15, 16] and for the QM case are
[1-5]. This fact suggests to formulate the hybrid theory using the same mathemati-
cal framework of Hamiltonian dynamical systems. All three theories will be consid-
ered here as dynamical systems (M, w, g, H) on a differentiable manifold M with
a symplectic and Riemannian structures @ and g respectively, with some preferred
function, the Hamiltonian, H. The manifold is also assumed to posses a complex
structure J% = —1I such that: g(x, y) = w(x, Jy). All problems that we would like
to discuss appear already in quantum systems with finite-dimensional Hilbert space,
implying a finite-dimensional manifold M. Therefore we shall assume that M is
finite-dimensional.

Formulation of the classical mechanics of isolated conservative systems using
(M, w, H) is standard [15, 16]. The formulation of quantum mechanics in terms
of (M, w, g, H) is perhaps less well known, but shall not be presented here in any
detail since there exist excellent reviews [4, 5]. Very briefly, the basic observation
beyond the Hamiltonian formulation of quantum mechanics is that the evolution of a
pure quantum state in a Hilbert space H, as given by the Schrodinger equation, can
be equivalently described by a Hamiltonian dynamical system on an Euclidean mani-
fold M. The manifold is just the Hilbert space considered as a real manifold, with the
symplectic and Riemannian structures given by the real and the imaginary parts of
the Hilbert scalar product. Representing a normalized vector |¢) € H in a basis, one
can introduce the canonical coordinates x; = (¢’ + ¢;) /N2,y ;= i(cjf —cj)/ V2,
j =1,2...N. Generic point from M will also be denoted by X or X¢, where
a=1,2...2N is an abstract index. The dimension of the quantum phase space is
2N where N is the complex dimension of the system’s Hilbert space. It should be
stressed, perhaps, that the canonical coordinates x, y; have nothing to do with the
canonical coordinates of the classical system that after quantization gives the con-
sidered quantum system with the Hilbert space H. The Hamilton’s function H (X)
is given by the quantum expectation of the Hamiltonian H in the state [Vvx) < X:
H(X) = (¢X|ﬁ |Yx). The Schrodinger dynamical law is that of Hamiltonian me-
chanics

X* =V, H. (1)

In the Hilbert space QM and in the Hamiltonian classical mechanics the dynam-
ical variables can be introduced formally as generators of the isomorphisms of the
respective relevant structures. In QM these are self-adjoined operators generating
unitary transformations that preserve the Hilbert scalar product. In the Hamiltonian
formulation of QM the Hilbert scalar product generates the symplectic and Rieman-
nian structure. The symplectic structure is preserved by Hamiltonian vector fields
of arbitrary smooth functions, but the metric is preserved only by the Killing vector
fields, i.e., by the Hamiltonian vector fields generated by quadratic functions of the
canonical variables. In the Hamiltonian formulation of classical systems, the metric
of the phase space has no physical relevance and thus all smooth functions gener-
ate isomorphic i.e., canonical transformations, and are interpreted as dynamical vari-
ables. In the Hamiltonian formulation of QM, only the quadratic functions generate
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the automorphisms, and only such functions are related to dynamical variables or ob-
servables. In fact, all observables are represented by quadratic functions A(X) on M
and are the quantum mechanical expectations of the corresponding quantum observ-
ables A(X) = <1//X|A|1px>. In particular, the canonical coordinates of the quantum
phase space do not have physical interpretation. It is important to observe that the
Poisson bracket between two quadratic functions is also a quadratic function and sat-
isfies

1 A~ A
[A1(X), A2(X)} = E(WX|[A1,A2]|¢X)- 2)

If one considers the Hilbert space vectors of arbitrary norm, then two vectors |y1)
and |yn) from H are representing the same physical pure state if there is a com-
plex scalar a # 0 such that |y») = a|y). The set of equivalence classes defines the
complex projective space CPN~! = (CN — {0})/~. The pure state space CPV ! is
isomorphic with the real manifold S>Y~!/S! which has compatible complex, Rie-
mannian and symplectic structures. These structures are used to formulate geometric
Hamiltonian framework of QM based on the pure state space CPVY~!. Almost all
formulas that we shall present for the Hamiltonian formulation based on H are of
the same form in the formulation based on CPN~!, with the corresponding under-
standing of the symbols representing the phase space M, the symplectic structure
o and the Riemannian metric g, and renormalization of the functions representing
observables, i.e., A(X) = (1/[)(|A|l//x)/||l/fx||2. In particular, the transition probabil-
ity [{¥ |1p2>|2/(||1p1 21?2 is expressed as cos?0(X1, X2) of the geodesic distance
0(X1, X2) between the points X1, X, € CPN-1. Also the eigenstates 1, of an ob-
servable A are represented by the critical points of the Hamiltonian vector field gen-
erated by A(X). In the discussion that follows we shall not need to distinguish explic-
itly between the formulations based on # and the one based on CPV~!. Rare cases
when a statement is applicable only in one of the formulations, with the non-trivial
transcription, will be clearly stated.

The Hamiltonian formulation of QM suggests natural formal generalizations [4].
The most obvious one is to consider a theory where the evolution can be generated by
functions which are not quadratic [4, 17, 18]. This would correspond to a nonlinear
Schrédinger evolution equation. We shall see that such generalizations are dictated
quite naturally in the Hamiltonian framework for a theory of hybrid systems. It has
been argued, using particular generalization of the nonlinear evolution with all other
aspects of QM unaltered, that such nonlinear evolution would enable superluminal
communication between distant systems [19, 20], or violate the second law of ther-
modynamics [21]. However, other aspects of QM could be altered appropriately, and
conveniently using the Hamiltonian framework, as is required in a consistent theory
of hybrid systems [10, 12, 13], so that such objections do not apply. These issues
will be analyzed after a discussion of ensembles of quantum systems and composite
quantum systems in the Hamiltonian framework.
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3 Hamiltonian Ensembles and Quantum Mixtures
3.1 Statistical Ensembles of Quantum Systems

Ensembles of quantum Hamiltonian systems are in general described by probability
distributions p(X) on the phase space M. Average value of a quantum observable
A(X) over an ensemble p(X) is given by

A:/ p(X)A(X)dM, 3)
M

where d M represents the appropriate volume element on M. This expression can be
interpreted as unconditional expectation of the conditional expectation of A in pure
states | x), the later being distributed according to the probability distribution p (X).
For a function A(X) = (I/IXIAIKUX)/II Vx ||%, representing an observable, one has

/M p(X)AX)dM =Tr(pA), )

where the quantum mixed state p associated with the probability distribution o (X) is
given by

p= / p(OT(X)dM, 5)
M

with I7(X) = IWx)(Wx|/II¥x|l? being the projector corresponding to the pure state
represented by the point X. In general, the state vectors | x) can have arbitrary norm.

Special cases of the above formula are provided by densities with the support on
a finite set of points from M, giving finite convex combinations of atomic measures

M
p= p(XDI(Xy), ©)
i=1

where M > Rank(p). Incidentally, this special case of (5) is the most often discussed
in the standard Hilbert space QM.
The densities p(X) satisfy Liouville equation on M

0
PG D ={HO, p(X D} ™

which differs in sign from the evolution equation of functions on M representing
observables.

One observes that all probability densities with the same second moments give
the same values for the expectations (4) of quadratic functions, i.e., quantum ob-
servables. Consequently all such densities generate the same statistical operator p
via (5). Furthermore, Liouville evolution of all the densities p(X; ty), yielding the
same p (1), generates the same von Neumann evolution p(¢). Indeed, the evolution
equation satisfied by p(z), related by (5) to a solution p(X; ) of the Liouville equa-
tion, is the von-Neumann equation i4d0/0t = —[p, H]. This fact is casily obtained
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from the definition (5) and Eq. (7) by using partial integration. Therefore, a quantum
mechanical (mixed) state, described by p, is identified with the equivalence class
{p}; of densities with the same second moments and generating the same 0 via (5).
Equivalence of densities with the same second moments is seen as a generalization
of standard quantum mechanical statement about the non-uniqueness of the convex
decomposition of a statistical operator p.

The most known physical consequence of the equivalence {p}; is no-signaling by
distant steering (see for example [19] and the references therein). We shall discuss
some related issues later in the context of hybrid quantum-classical systems.

A pure state po = |¥x,)(¥x,|, where Xo € §2N=1/81 "is uniquely represented
by the corresponding delta function §(X — Xo) on S*V~1/S!. The equivalence class
{p}5 indeed contains a single element, i.e., §(X — X¢), as can be seen by the follow-
ing reasoning. Let po(X) belong to {p};,, i.e.,

m=//MDﬁMMM. (8)
M
Choose an arbitrary state |y 1) orthogonal to the state | X,)- Now, one has
R 2
0= (v Haolut) = | eocolfune [ Pam. ©)

This means that po(X) is nonzero only when (/x| +) = 0. Because of the arbi-
trariness of |¥1), the density po(X) is nonzero only at X = X leading to po(X) =
8(X — Xo). Thus, a pure state is uniquely represented by single §-density, i.e., by a
single trivial convex combination on 2V =1/S1.

Each equivalence class {p}; of densities over M = R?N based on the Hilbert
space H, corresponding to a mixed state 0, contains a distribution of a unique form
and with fixed normalized second moments. Indeed, consider a statistical operator o
which matrix elements in the abstract (arbitrary) basis satisfy

~ XiXj+Yiyj

M@0=/p@%————wt
Y I1X 12

YiXj —Xiyj
X112

(10)

Im(ﬁij)=/ p(X) ;
M

where (x;,y;) (i,j=1,2...N)ie, X? (a=1,2...2N) are the components of the
Hilbert space vector in the same abstract basis, while || X > =2 1¥x ||? holds. All den-
sities from the equivalence class {p} 5 give the same p;; by definition. The form of 5;;
implies that the expectation of any normalized quadratic function A,,X?X”/|X||?
(@,b=1,2...2N) on M =R ig computable once one finds the normalized co-
variance matrix of the density p

ab aXb ab
°ﬁ:/p(ﬁm2M=%’ (n

which is the same for any density from the equivalence class {0} ;, and is thus equiva-
lently denoted by agb. Next we observe that the following distribution, fixed by (11),
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over M =R2N

'5(X)=¢exp _l(gjl) x4 xb (12)
(27T)N(detdﬁ)l/2 2\"p Jab ,

is a member of the equivalence class {p}; because it reproduces the matrix elements
(10). Therefore, the only distributions on M = R?V that are needed to represent all
possible mixed quantum states are of the form (12).

Each equivalence class corresponding to a mixed state could also be represented
by other types of distributions. In fact, the distribution given by finite discrete convex
combination of delta functions

N
p(X) =) pid(X — X0, (13)

i=1

where p; are the eigenvalues and X; correspond to the eigenvectors of the density
matrix p, also satisfies (5).

Assume now that the state vectors are normalized, as is customary in the Hamil-
tonian form of QM. One should be careful with the interpretation of distributions
p(X) satisfying (5), the function (y¥rx|5|¥x) and the quantum mechanical expression
|(y|¥')|2. A statistical operator 5 is Hermitian and therefore can be formally consid-
ered as an observable. The later are represented by the general rule as (Vx|0|vx),
which we shall denote by (0)(X) in order to distinguish it from the function p(X)
defined as to satisfy (5). The relation between the two functions is given by

(P)(X) = /M p(X')[(rx [yx) P M. (14)

In case of the pure state ensemble |/x,){¥x,| uniquely represented by the density
8(X — Xy), the function (p)(X) is everywhere nonzero except at X corresponding
to vectors orthogonal to |y, ). Note that the function (f)(X) cannot be considered
as a density on M, representing the quantum ensemble p, because when substituted
in (5) it does not give the correct result (4), Tr(pA). In the case M = CPN 1, the
substitution gives [22]

Vn

NNLD (Tr(pA) + Tr(A)), (15)

/ (OYXAX)dM =
M
where Vy is the volume of CPN~!. However, modified function P(X) = ({(p)(X) —
1/(N + 1))N(N + 1)/ Vy, gives the correct averages [22]. Nevertheless, P(X) is
not non-negative for all X even though (0)(X) is. Therefore, P(X) can be used to
compute the quantum expectation Tr( HA), but it cannot be considered as a probability
density on CPN—1,

Fallacy of the interpretation of the function (0)(X) as a probability distribution
for given 0 is best seen in the case of a pure state 5. Let us be permitted to stress the
basic postulate of quantum mechanics concerning the interpretation of the expression

|(y|y')|?. This gives a probability that a system prepared in the state |y) with cer-
tainty, will transform during measurement of an observable with an eigenvector |y)
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precisely into the state |¢'). It is a probability distribution over the eigenbasis of the
measured observable and is not a probability distribution over the space of all pure
states. Therefore a pure state |/x,) is not represented by function |{(¥x|¥x,) |2, but
by the probability distribution § (X — X¢). Similarly the ensemble p is represented by
some p(X) satisfying (5) and not by (0)(X) or P(X).

For further comparison with the Hilbert space formulation one should observe
that the set of combinations of delta functions centered at discrete set of points is
dense in the space of functionals on the space of continuous functions on M. In
other words, any density p(X) can be arbitrary well approximated by a finite discrete
convex combination of §-functions

p(X):[Mp(X/)S(X—X/)dM/EZ;OX,-(S(X—Xi)- (16)

Approximation of p(X) by finite discrete convex combination of delta functions cor-
responds to a well known ensemble decomposition {py;, |¥x,)} of a density matrix in
terms of finite convex combination of pure state projectors. We will call such density
discrete. p(X) and p’(X) from the same equivalence class {p} 5 correspond to equiv-
alent ensemble decompositions {px;, [¥x,)} and { p;({, [y X! )} of the density matrix /.

They are related by the Hughston-Jozsa-Wooters formula [14]
1/2 1/2
(ox) 1) = iy (Pler) 1w, ), (17)
J

where [u;;] is unitary matrix of appropriate (not necessary equal) dimensions.

The preceding analysis implies the following generalization of (17) to the case of
arbitrary equivalent continuous densities p(X) and p’(X) from the same equivalence
class {p};

1/2 1/2
(p(X)) Plyx) = /M u(X1X") (o' (X)) PlyxydM’, (18)
where u(X|X’) is a complex integral kernel satisfying
/ w(X|X")u*(X|X")dM =5§(X" — X"), (19)
M
and * denotes complex conjugation.
3.2 Hamiltonian Dynamics of Densities
Since this paper is about applications of the theory of Hamiltonian dynamical sys-
tems in QM and in hybrid theories, let us mention in passing that von-Neumann and
Liouville equations themselves can be presented in the form of appropriate Hamil-
tonian dynamical systems [16]. Considerations of these issues reveal from another
perspective the importance and the consequences of the QM restriction on the class

of functions generating the structure isomorphisms.
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The Lie algebra g of the infinite Lie group G of canonical transformations on
some finite dimensional symplectic phase space M consists of the Hamiltonian vec-
tor fields on M, and is isomorphic with the Lie algebra of smooth functions C*°(M).
The dual of C*°(M) is the coadjoint algebra g* isomorphic with the space of den-
sities p € S(M). The paring is given by fM p(X)H(X)dM. In order to present the
Liouville equation p = —{p, H} o as a Hamiltonian dynamical system one follows
the standard construction of the symplectic structure on a coadjoint orbit O, of the
Lie group G [16]. First, a Poisson structure is defined on S as

5 51

, } M = / pUHY. Ho)jud M, (20)
sp o Jm M

{Hi(p). Ha(p)} s = /M p{

where H; (p) = fM pH;dM . Hamiltonian vector fields on S are given by X4(p) =

—{p, %}s. The Poisson structure (20) on S is degenerate, but its restriction on an
orbitof Gin S

0,={por|LeG) 21)

gives the desired symplectic structure on O,.
The Liouville equation appears as a Hamiltonian system on O, with the corre-
sponding Hamiltonian H(p) = [ m PHAM and the Hamiltonian equations

p=—{p. Mo, = H.p}p. 22)

The Hamiltonian system (22) is linear and therefore integrable.

Consider now the above formalism appropriate for QM, where the preservation of
the Riemannian structure of M introduces the corresponding restrictions on G, g and
g*. The structure isomorphism group G, is the finite subgroup of canonical transfor-
mations generated by quadratic functions on M. This is isomorphic to the unitary
group U (N). The group Lie algebra g, is the Lie algebra of quadratic functions, and
the coadjoint algebra g;; is formed by the equivalence classes p;. The coadjoint orbit
through /4 is isomorphic with finite-dimensional manifold

UN)/Uk)@U(k2) ®@---@U(km), ki +ka+---+kn =N, (23)

where k1, k2, ..., k;, are dimensions of the eigenspaces of p. The orbit O;, given by
(23), is a finite-dimensional symplectic manifold, whose dimension depends on the
spectrum of 5. The symplectic structure on O may be introduced as in the general
case, and the von Neumann equation for § is seen as the Hamilton dynamical equation
(22).

3.3 Mixtures as States of Subsystems

Consider a quantum system composed of two subsystems, with Hilbert spaces 71 and
H; of the components and H 1y = H; ® H, of the total system. Partial trace Try(0)
of a pure p = |Y12) (V12| over the space H, gives a density operator p; on H;. The
operator oy is a projector corresponding to a pure state |) € H if an only if the pure
state of the total system p = |vr12) (12| is separable, i.e., of the form |/1) ® |v,) for
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some |1) € H1 and |yp) € H,. In this case p; = |y1){¥1| does not depend on the
particular [v;) in [¥12)(¥12]. In the case of a more general non-entangled state, i.e.,
for a convex mixture of separable states of the form p =), p,ﬁi ® ,65, the partial
trace Try(0) gives a convex mixture of the first subsystem states /3{ with the same
coefficients p;.

We now consider statistical ensembles in the Hamiltonian formulation of compos-
ite systems. The phase space M, of a bipartite quantum system with the Hilbert
space Hjz is constructed directly from Hjp (or PHiz) without any reference to
the components #; and #, with the corresponding phase spaces M and Mj. Of
course, the dimensionality of M, is much larger than that of M| x M. In fact,
M| x M is an embedded submanifold of M. In the case M; = CPN~1, M, =
CPM=1 and M1y = CPMN~! the embedding CPVN~! x CPM~1 - CPMN-1 j5
known as Segre embedding [5, 23]. We shall denoted the coordinates {X“} adapted
to the Segre embedding by (X1, X2, X3) where X and X» are the sets of coordinates
on M x Mj. The set of coordinates denoted by X3 assume zero values iff the state
is separable.

A statistical ensemble of bipartite systems is described by a probability density
p(X) € S(M12). A density on M, gives a statistical operator on H 15 according to
the general prescription:

012 =/ p12(X12) [T (X12) d M. (24)
12

Mixed state 017 is separable if there exists a convex mixture representation (24) of
012 in terms of separable pure states. If each of the equivalent convex representations
contains at least one entangled pure state then pj, is entangled. Therefore, it makes
sense to call a density pjp separable if p12(X 1, X2, X3) is zero when X3 # 0, that
is when it’s support is contained in M x M. Such densities will be denoted by
p(X1, X2). If any of the densities in the equivalence class {p12};,, is separable then
O12 is by definition separable. On the other hand, if g5 is entangled then none of the
densities in the equivalence class {012}5,, is separable, and each must have an en-
tangled state in its support. However, notice that some of the densities from a single
equivalence class, corresponding to a separable mixed state 012, might be separable
and some might not. In one word, it is misleading to talk about entangled densities,
but the notion of a separable density is perfectly consistent with the standard termi-
nology.

Let us demonstrate the standard relations between the state of a compound system
and the state of the first subsystem using the representation (24). We perform a partial
trace over the second subsystem

01 =Tr(p12) = / p12(X12)Tr2 (I (X12))d M. (25)

Mz

Let D; denotes the manifold of the density matrices 7 of the first subsystem and
let &(,1) and de,l) be delta function and Lebesgue measure on Dj. By inserting the
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identity!
/D 50 (61 — Ty (MT(X12)))d M =1, (26)
1

into (25) we express p; as a convex combination of density matrices of the first sub-
system

= / p1(61)61dMD, @7

Dy

where the distribution p; over D is normalized to unity and obeys
p1(61) = /M p12(X12)8P (61 — Tra(IT(X12)) )d M. (28)
12

In the case of a pure state P12 = (X 12) which is represented by the delta density
012(X12) =8(X12 — X12), one obtains

p1(61) =8 (61 — Tra(p12)), (29)

which is expected.
The result (28) can be further analyzed. Let I1(X12) = |¥x,,){(¥x,,| in terms of
normalized state vectors. Using the Schmidt decomposition |¢X12)

ZRIZ A/ Pi |¢(1) ® le(z)), with p; > 0, one obtains mixed state Trz(H(Xlz)) =
ZRIZI p,|¢l.(1))(¢>§1)|, where Ry2 = Rank(Tra(IT(X12))). Any other state |"l/fXA ) such

that Tra (/7 (X})) = Tra(IT(X12)) has the form [y ) = 3723 /pi ¢ ) ® |X(2))
and can be obtained as a result of unitary transformatlon acting non-trivially on the
second subsystem |lex2) = U, |¥x,,). Such transformation induces the correspond-

ing action X %2 = U, X 12 on M3 and yields the following equivalent form of (28)
o6 = [ pawi X, (30)
A(61)

where A parameterizes the space A(ol) =U(M)/U(M —Rank(c1)) and X 12 €My
is an arbitrary state satisfying Tr, (1'1 (X 12)) =01.

We now want to consider a possible analog of the partial trace formulated en-
tirely in terms of the Hamiltonian densities and marginal distributions. We shall first
consider the cases when the total quantum state p1; is separable pure or mixed. Gen-
eral ensembles are represented by densities on M, denoted by p12(X). In the co-
ordinates X1, X», X3 adapted to the Segre embedding the densities are written as
p12(X) = p12(X1, X2, X3). In order to treat the separable states it is enough to con-
sider probability densities with the support on M; x M, i.e., densities dependent
only on X1, X». This is obvious if the state is pure, and if the state is mixed then there

'We are grateful to the referee for this observation and its consequences.
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is at least one convex representation of it with the density having the stated prop-
erty. Ensemble of pure states Xy, corresponding to the pure pjp = I1(Xo), is repre-
sented by the delta function centered at X(. In the coordinates X, X5, X3 adapted
to the Segre embedding, the ensemble of pure separable states X is represented by
p12(X1, X2) =8(X1 — Xo01)6(X2 — Xoz). If the state is mixed separable then it can
be represented by a density of the form p(X) = p(X1, X3). Integration over X, in
the pure separable case gives

/ (X1 — Xo1)8(X2 — Xo2)dMr = 8(X1 — Xo1),
M,
separable pure p12 = IT(Xo). 31D

The result is a delta density on M which reproduces, via the general formula (5),
the reduced matrix Trp (/1(X()). Similarly, in the mixed separable case the integration
over X, gives a density on M

PI(XI)Z/ p(X1,X2)dM;, separable mixed p12, (32)
My

which reproduces Try(012) if p(X1, X7) reproduces p12. We see that the analog of
the partial trace in the case of separable state, pure or mixed, is provided by taking
the marginal distribution of the appropriate distribution on the total phase space.

However, the analogy does not work for entangled states. In fact, consider a pure
entangled state, represented by the delta density p12(X; Xo) = §(X1 — Xo1)8(X2 —
X02)8(X3 — Xo3). Integration over X5, X3 gives, up to a function dependent on Xy,
the delta function of X; — X

p1(X1; Xo) 2/ P12(X1, X2, X3; X0)dX2d X3 =6(X1 — Xo01)g(X0)
X2,X3

entangled pure p1» = I1(Xo), (33)

which is proportional to the density that represents a pure state in 71, and not the
reduced mixed state.

The general conclusion of this analysis is that if the state of the total system is sep-
arable then the marginal distribution of a specific probability distribution reproducing
the state of the total system, reproduces the reduced density matrix of the subsystem.
Evolution of such reduced density will preserve this property if the Hamiltonian does
not entangle the two subsystems. In this case, arbitrary transformations or approxima-
tions of the second subsystem density do not effect the evolution of the first subsys-
tem. The case of separable bipartite states is specially important for hybrid systems,
when one of the parts is treated as a classical system, since in the Hamiltonian hybrid
theory, presented in the next Section, there can be no entanglement between the clas-
sical and the quantum parts. On the other hand, if the initial total state of a bipartite
quantum system is entangled, or becomes entangled due to the evolution, then the
states of the subsystems are not given simply in terms of the marginal distributions.
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4 Ensembles of Hybrid Systems

There is no unique generally accepted theory of interaction between micro and macro
degrees of freedom, where the former are described by quantum and the later by clas-
sical theory. The reason is primarily because each of the suggested theories has some
unexpected or controversial features (see [10] for an informative review). Partial se-
lection of hybrid theories can be found in [24-29]. Some of the suggested hybrid
theories are mathematically inconsistent, and “no go” type theorems have been for-
mulated [30], suggesting that no consistent hybrid theory can be formulated. Nev-
ertheless, mathematically consistent but inequivalent hybrid theories exist [10, 28,
29]. Even the proper conceptual status and putative domains of application of hybrid
theories need not be unique and are not generally agreed upon. Hybrid theories that
attempt to describe the quantum measurement process or serve as approximate but
consistent models in quantum chemistry or model the interaction between classical
gravity and quantized matter might be fundamentally different or differ only in some
additional details. Usually, it is not claimed that macroscopic systems are composed
of something other that microscopic parts well described by quantum theory. How-
ever it is legitimate to assume that dynamics of at least some of the observable degrees
of freedom of a macroscopic system are correctly described by classical mechanics,
and that the classical mechanical description need not be reduced or derived from
quantum description of all the microscopic components. Neither quantum nor classi-
cal theory is designed to describe the dynamics of systems consisting of micro and
macro subparts, as separately described by the quantum and the classical mechanics
respectively.

The Hamiltonian hybrid theory, as formulated and discussed for example in [10—
13, 31], has many of the properties commonly expected of a good hybrid theory. In
fact, the dynamical formulas of the Hamiltonian theory are equivalent to the well
known mean field approximation, the main novelty being that the theory is formu-
lated entirely in the framework of the theory of Hamiltonian dynamical systems. In
particular, this demonstrates that the theory is mathematically consistent. However,
the theory also has some controversial features concerning the class of mathemati-
cal objects that should be interpreted as physical variables and the most general type
of states of the hybrid system. In what follows we shall first briefly recapitulate the
Hamiltonian formulation of the hybrid systems and present the dynamical laws for
pure states and for ensembles of hybrid systems. Unlike the purely quantum case,
the dynamics of hybrids in pure states is nonlinear and the dynamics of densities in-
volves the most general class of statistical ensembles. Therefore, one needs to discuss
the possibility of superluminal communication between hybrid systems.

Hamiltonian theory of hybrid systems can be developed starting from the Hamil-
tonian formulation of a composite quantum system and imposing a constraint that
one of the components is behaving as a classical system [12]. The result, in the
macro-limit imposed on the constrained subsystem, turns out to be equivalent to a
Cartesian product of two Hamiltonian systems as in [10]. One of these Hamiltonian
systems corresponds to the quantum and one to the classical subsystem of the hybrid.
However, the interaction between the two subsystems has crucial influence on their
properties.
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The space of pure states of the hybrid system M is considered as a Cartesian
product M = M, x M, of the classical subsystem phase space M, and of the
quantum subsystem phase space M. Local coordinates on the product are denoted
{p,q,x, vy}, where (p, q) € M, will be called the classical degrees of freedom (CDF)
and (x, y) € M, will be called the quantum degrees of freedom (QDF). The con-
straint that CDF behave as a classical system implies that there is no entanglement
between QDF and CDF, but no restriction on the entanglement in QDF is imposed.
The evolution equations of the hybrid system are of the Hamiltonian form with the
Hamilton’s function comprised of three terms

Hi(p,q,x,y)=H:(p,q)+ Hy(x,y) + Vine (P, g, x, y), (34)

where H. is the Hamilton’s function of the classical subsystem, H,(x,y) =
(Y. y|I-AIq [¥x,y) is the Hamilton’s function of the quantum subsystem and V;,,(p, g,
X,y) = (wx,yHA/im(p,q)ll//x’y) describes the interaction between the subsystems,
where Vi, (p, q) 1s an operator in the Hilbert space of the quantum subsystem which
depends on the classical coordinates (p, q). The state vectors [, ,) are normalized
by assumption. The Poisson bracket on M of arbitrary functions of the local coordi-
nates (p, g, x, y) is defined as

g

ne

(OF 0F; d0F, 0F]

{Fi. P2} v =Z(— - )
dg; dpi  3q; Op;

oF 0F, 0F, 0F
(_1_2__2_1), (35)
i=1

=1 8)(]' 8yj 8x]' Byj
where n. and n; are numbers of CDF and QDF respectively. Of course, if the Hilbert
space of the quantum part is of infinite dimension then n,, is infinite. Thus, the Hamil-
tonian form of the hybrid dynamics on M as the phase space reads

q=Aq, Hi}m. p={p. H}m, (36)
x={x, H}m, y=A{y, Hi}m, (37

where H; is given by (34).
In particular, the evolution of QDF can be stated in the form of the Schrodinger
equation

iR We.y) = Hye(p, @)¥a ), (38)

with the Hamiltonian operator I:ch( P,q)={(p.q |H| P, q) acting on the Hilbert space
of quantum subsystem and depending parametrically on the CDF (p, ¢) through the
coherent states | p, g). The evolution of the state vectors (38) is norm-preserving, but
nonlinear.

It is worth noticing that the state of QDF in a hybrid system might have nonzero
entanglement. We tested this using as an example a pair of 1/2-spins in interaction
with a 2D classical oscillator. The interaction between QDF and CDF couples the
classical coordinates with the spins components o)};j ;.- It turns out that the concur-
rence of the pure state of the two spins displays nontrivial dynamics and is often
nonzero.
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Thus, QDF of the hybrid model display some typically quantum properties and
evolve nonlinearly in the same time. Furthermore, the Poisson bracket (35) of two
functions Fi(p, q,x,y) and F>(p, g, x, y) which are both quadratic in QDF and de-
pend on CDF, is not a function quadratic in the QDF. However, the proper interpreta-
tion of this fact is nontrivial. Let us first reexamine the situation in the purely quantum
case with linear evolution and normalized state vectors. There, a quadratic function
A(x,y) = (¥x,y |A [¥x,y) was considered as mathematical representative of a dynam-
ical variable, and the set of quadratic functions is invariant under the evolution. Thus,
in the purely quantum case, the evolution of a quadratic function can be interpreted as
the Heisenberg picture of the evolution of a dynamical variable or as the Schrodinger
picture of the expectation of the variable in an evolving state. On the other hand, in
the Hamiltonian hybrid theory one can stick to the original interpretation of A(x, y)
as the expectation of the observable A in the state [¥x,y). One could then argue that
the Heisenberg picture of the hybrid evolution is not defined, and the non-quadratic
expression A(x, y; 1) = (Yx y (t)|A|xlfx7 y(1)) should be interpreted as the expectation
value of the standard Schrédinger quantum variable in the state [/, y(¢)) at time ¢.
Nevertheless, the nonlinear evolution of the QDF shows that QDF of a hybrid system
do not have all the properties of a purely quantum system. Hybrid systems appear
to be qualitatively different from a simple union of classical and quantum systems
[10, 12, 13, 31]. This is further illustrated by studying the evolution of ensembles of
hybrid systems.

The most general ensemble of hybrid systems is represented by some probability
density p(p,q,x,y). As pointed out in Sect. 3.1, the function p should not be con-
sidered as an expectation (6(q, p)) of some density operator p(g, p) parametrically
dependent on (g, p). The densities evolve according to the Liouville equation with a
solution p(p, g, x, y; t). As in Sect. 3.2, this Liouville equation for the hybrid system
is itself a Hamiltonian dynamical system. The density p(p, ¢, x, y; t) for any fixed ¢
generates a unique positive operator valued function (POVF):

ﬁ(p,q;t)=/ p(p.q,x, y; DI (x, y)d My, (39)

q

which can be called the hybrid statistical operator. The unconditional mixed state
of the quantum subsystem of the hybrid in the state p(p, g, x, y; t) is also uniquely
obtained as

p(t) =/ p(p,q,x, y; DI (x, y)dM = / pq(x, ¥ DIT(x, y)dMy,  (40)
M M,
where the marginal distribution p, (x, y; )

pax.yi1) = /M p(p.q.x.y: M. @1)

can be considered as the probability density on M, associated with the state 5(¢) of
QDF. Due to the properties of the Liouville evolution of p(p, ¢, x, y; t), the formula
(40) defines for all ¢ a continuous one-parameter family of statistical operators on 7.
Like in the purely quantum case, o(¢) and p(p, g, x, y; t) give the same expectation
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Tr(,é(t)A) = f pA(x, y)dM of quantum observables A represented by A(x, y). All
that was said about many-to-one relation between p and p in the quantum case applies
also in the hybrid case.

However, contrary to the purely quantum case, different p(p, g, x, y; fp) that give
the same p(fp) generate different evolution of o(p, g; ¢) (or o(¢)) and thus must be
considered as physically different (for a related analysis please see [30, 31]). Indeed,
the evolution equation satisfied by o(p, g; t) [13] is

p(p.git) _ 1
ot ih

+/ {Vim(p,q,x,y),p(p,q,x,y;t)}p,qﬁ(x,y)dMq- (42)

q

[y + Viur (P, @), 5(p. 45 O]+ {He(p. @) (P, 4: D}, ,

The dynamical equation for o(¢) is

dpt)y 1, . 1 . R
= %[qu p0)] + = /Mc[Vim(p, q). p(p.q;)]dM.. (43)

The first term of (43) generates the unitary part of the evolution and the second term
does not preserve the norm of p and is responsible for non-unitary effects. Notice
that the evolution of 0(p, g; t) (0(t)) cannot be expressed only in terms of 5(p, g; 1)
(p(1)), but irreducibly involves the probability density p(p, g, x, y; t). At this point
we might remark that the von Neumann entropy of S,y = Tr(0 In p) of (40) can in-
crease and decrease during the evolution (43) starting from a general initial ensemble.
However, this is not an instance of the Peres objection [21] against nonlinear evolu-
tion of a quantum system since the QDF form an open dynamical system. On the
other hand the Gibbs entropy S(p) = [ m PInpdM is conserved by the Liouville
evolution of the total density.

The evolution equation for p(r) is reduced to (36) and (37) if the initial
o(p,q,x,y;t) is a pure state in M. This is intuitively clear since there can be
no entanglement between QDF and CDF. Formally, pure initial state is represented
as a delta function on the total phase space and the Liouville equation is reduced to
the Hamilton equations for pure states. If however, the initial density is of the form
8(x —x0)8(y — y0) o (g, p) the pure state p(t9) = |V (t9)) (¥ (t9) | might evolve accord-
ing to (43) into a non-pure mixture. Quantum-classical interaction with the classical
part in the initially mixed state can transform an initially pure state of the quantum
part into a mixed state. This is an important observation.

The evolution of QDF of a hybrid system is fundamentally different from the linear
evolution of a quantum subsystem of a quantum system. The reason for this qualita-
tive difference is that dynamical influences of many degrees of freedom correspond-
ing to the entangled states and to the non-classical states of the classical subsystem
are completely neglected in the derivation of the hybrid dynamics.

The characteristic main features of the QDF evolution in the hybrid case are ex-
pressed by the nonlinearity of the pure state evolution, or by the dynamically induced
differences of o(¢) with different convex mixture representations. It is well known
[19, 20], that the linearity of the Schrédinger equation and the equivalence of different
convex mixtures, are both necessary in order to prevent superluminal communication
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in ordinary quantum mechanics of bipartite systems. If either of the two properties is
violated, without further modification of the quantum formalism, superluminal com-
munication between entangled parts of a bipartite system is possible. The nonlinear
pure state evolution and the evolution dependence on the initially equivalent different
ensembles appear quite naturally in the Hamiltonian description of hybrid systems,
and in the same time the QDF of the hybrid might be in an entangled state. Therefore,
superluminal communication can be avoided only by some further modification of the
hybrid theory. It has been argued that the direct product might not be the natural type
of coupling between systems with nonlinear evolution [19], and that nonlinear evolu-
tion might suggest non-standard computation of correlations [32]. Alternatively, one
might consider the model of hybrid systems presented here as insufficient to describe
fully the true features of coupled real quantum and macroscopic classical systems.
One might resort to ad hoc modifications of the hybrid evolution by introducing dis-
sipation and stochastic terms [33, 34] or one might explore the possibilities opened
up by replacing a simple classical system by truly complex classical systems with
many degrees of freedom [10, 34].

Finally, we would like to stress that the presented theory of quantum-classical in-
teraction does not provide a description of the quantum measurement process (for a
discussion of this opinion see [35]) if the total system is initially in a pure state. The
Hamiltonian system (36) and (37) with, for example H, (x, y) =0and H.(p,q) =0,
but with a nonzero interaction, for example Hj,;(p,q,x,y) = cx’p, where c is a
coupling constant, can describe “classical measurement” of a quantity A(x) = x> by
the meter given by the variable conjugate to p, that is by ¢. In fact ¢ (¢) and the initial
xo get correlated as g (t) = cxgt and thus reading of ¢(¢) at some ¢ is a measurement
of xg. However, the result of such “classical measurement”, i.e., A(x, y), is the ex-

pectation of the observable A, and not one of its eigenvalues, as it should be in ideal
quantum measurement on a single system. Only if the initial state of the QDF is an
eigenstate of A with eigenvalue a, the quantum-classical interaction can give the
eigenvalue a;. An arbitrary initial state of the QDF, for example a superposition of a;
and a eigenstates would lead to g () corresponding to the average of the eigenvalues.
In conclusion, the proper quantum measurement process seems to involve dynamical
entanglement between the quantum system and the apparatus, which, once entangled
with the system, must be considered in some sense complex and classical. The ini-
tial entanglement is impossible in the present model of quantum-classical interaction,
which treats the macroscopic apparatus as completely described by the classical the-
ory from the beginning. On the other hand, in order to reproduce the results of ideal
quantum measurement by quantum-classical interaction one could contemplate the
hybrid systems as effectively dissipative, supplementing the Hamiltonian model with
the attractors indicating the eigenvalues of the quantum observable.

5 Summary
We have explored relations between properties of quantum mixed states as repre-
sented by statistical operators or by density distributions on the phase space in the

Hamiltonian formulation of quantum mechanics and hybrid systems. Some conse-
quences of the fact that in general many density functions correspond to a single
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statistical operator are discussed. Liouville and von Neumann evolution equations
are seen as Hamiltonian dynamical systems. This perspective additionally illustrates
the restriction imposed on a general Hamiltonian system if it is to represent a physi-
cal system with quantum mechanical properties. We then explored representation of
the partial trace operation in terms of partial integration over the relevant variables in
the Hamiltonian formulation. Our main objective was to analyze ensembles of hybrid
quantum-classical systems in the Hamiltonian formulation. In this context relation
between the evolution of the quantum degrees of freedom in a pure state and in a
mixed state is explored. The quantum degrees of freedom of a hybrid in a pure state
evolve nonlinearly and if the hybrid is in a mixed state different convex representa-
tions must be considered as nonequivalent because they evolve differently.

Linear evolution of QM, and invariance of the evolution of p on different con-
vex representations, need to be abandoned if the effects of interaction with CDF, like
those occurring during measurements, are to be described dynamically. On the other
hand, QM treatment of composite systems is adapted to the linear evolution, and if
the later is replaced by a nonlinear one, the kinematic properties of the composite QM
systems have to be modified as well. The needed modification of the kinematic prop-
erties of quantum composite systems is not supplied by the presented Hamiltonian
hybrid theory. Furthermore, the theory does not describe the measurement process.
It is fair to say that the Hamiltonian hybrid theory, in its presented form, does not
describe the quantum-classical interaction successfully. In fact the QC interaction
is treated in an oversimplified manner, because the macro-object in interaction with
QDF is considered as fully described by a small subset of distinguished degrees of
freedom which are described classically. A large number of degrees of freedom of
the macroscopic object which also interact with the quantum system are completely
neglected. The presented form of the Hamiltonian hybrid theory must be modified in
order to incorporate the effects of these degrees of freedom. It is our belief that such
modifications will result in a hybrid theory which is consistent and whose predictions
are closer to the experimentally observed facts.
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Abstract

We experimentally studied the effects of laser beam diameter on electromagnetically induced
transparency (EIT) due to Zeeman coherences induced by a laser resonant with the hyperfine
transition F, =2 — F, = 1 of ¥Rb in a rubidium buffer gas cell. We use two laser beams of
Gaussian intensity radial profile for laser beam diameters of 6.5 and 1.3 mm, laser intensities
in the range of 0.1-35 mW cm~2 and cell temperatures between 60 and 82 °C. The results
show that the amplitude of the normalized EIT resonance has a maximum at a laser intensity
which depends on laser beam diameter and cell temperature. The laser intensity corresponding
to the maximum EIT amplitude is higher for a smaller laser beam and higher cell temperature.
The linewidth of Zeeman EIT resonance varies nearly linearly with laser intensity, almost

independent of cell temperature and laser beam diameter.

PACS numbers: 03.65.Fd, 03.65.Sq

(Some figures may appear in colour only in the online journal)

1. Introduction

Electromagnetically induced transparency (EIT) is a
coherence phenomenon characterized by narrow transmission
resonance of a laser beam through alkali atom vapor [1].
It is essential for fields such as slow and stored light [2],
lasing without inversion [3], frequency mixing [4], etc.
Important devices such as atomic frequency standards [5] and
magnetometers [6] are based on EIT. The optimization of all
these processes and devices is therefore directly conditioned
on achieving better EIT properties.

The average time-of-flight of an atom through the laser
beam limits the EIT amplitudes and linewidths. In order to
prolong interaction time and thus the dark states lifetime, an
inert buffer gas is added to atomic vapor to slow down the
diffusion of the coherently prepared atoms through the laser
beam. The linewidth, governed by the ground state relaxation
and laser power, is reduced by several orders of magnitude
due to the Dicke effect [7]. Linewidths as narrow as 30 Hz are
obtained [8].

0031-8949/13/014019+04$33.00

1

Hyperfine EIT resonance is formed as a coherent
superposition of two ground hyperfine levels while EIT
resonance in the Hanle configuration is based on Zeeman
coherences between magnetic sublevels of a given hyperfine
state of the alkali atom electronic ground state. Cell
temperature affects differently hyperfine coherences than
Zeeman coherences. For the former, it is found that linewidths
vary inversely with density [9, 10]. The linewidth is a
linear function of laser intensity and the slope of the linear
curve decreases as the cell temperature increases. At lower
temperatures than in [9, 10], in the range 3060 °C, linewidth
can be independent on cell temperature, as shown in [11]. On
the other hand, EIT resonances due to Zeeman coherence are
nearly independent of cell temperature [10]. In addition, the
behavior of EIT as a function of laser beam diameter [12],
optical depth [13], laser intensity [14, 15] and laser beam
profile [16, 17] was investigated.

In this paper, we analyze the properties of Zeeman EIT
resonances under different parameters in order to obtain
optimum EIT contrast and linewidths, which is essential

© 2013 The Royal Swedish Academy of Sciences Printed in the UK
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Figure 1. Experimental setup: ECDL—external cavity diode laser;
Ol—optical insulator; DDAVLL—Doppler-free dichroic atomic
vapor laser lock; BS—beam splitter; VNDF—variable neutral
density filter; SMF—single-mode fiber; FC—fiber coupler;
P—polarizer; BE—beam expander; PD—Iarge-area photodiode.
Hot air is used for heating the cell.

for application of Zeeman coherences, like efficient slowing
down of light pulses in the cell [18] as well as their storage.
Zeeman coherences were induced by the laser locked to the
F, =2 — F, = | transition in *Rb, contained in the cell with
30 Torr of Ne. We analyze EIT for two laser beam diameters
and a wide range of laser intensity and cell temperature.
Unlike the hyperfine EIT, there are no detailed studies on
the behavior of Zeeman EIT when the main experimental
parameters vary.

2. Experimental setup

The experimental setup is shown in figure 1. The external
cavity diode laser is frequency locked to the hyperfine F, =
2 — F,=1 transition of the D; line in ®’Rb by using
the Doppler-free dichroic atomic vapor laser lock method
[19, 20]. Gaussian distribution of laser intensity radial
dependence is achieved by the single-mode optical fiber.
For adjusting the laser beam diameter, a beam expander is
used. The linear polarization of laser light is ensured by a
high-quality polarizer. Laser beam intensity is controlled by
the variable neutral density filter. A Rb cell with 30 Torr of
Ne as the buffer gas is 8cm long and 25 mm in diameter.
The Rb vapor is shielded from external magnetic fields by
the triple layer of p-metal which reduces stray magnetic
fields below 10nT. In order to obey two-photon detuning
in the Hanle experiment, a long solenoid placed around the
Rb cell produces a controllable longitudinal magnetic field
in the range of +20 uT. The intensity of transmitted laser
light as a function of applied magnetic field was monitored
by the photodiode and recorded by the storage oscilloscope.
The Rb cell was heated up to a certain temperature by using
circulating hot air around the cell. The advantage of this
system in comparison with electrical heating is avoiding the
stray magnetic field inside the w-metal that is inevitably
introduced by heating current.

Magnetic field [uT]

Normalized transmission

1.0+

i
05 00 05 10 15
Magnetic field [uT]

45 10

Figure 2. Measured EIT resonances for Gaussian laser beams of
diameter (a) D = 6.5mm and (b) D = 1.3 mm. Resonances are
measured for an overall laser beam intensity of 3.3 mW cm~2 at
temperatures of 60, 75 and 82 °C.

3. Results and discussions

We present measured EIT resonances in the Hanle
configuration obtained with laser beams of Gaussian radial
intensity profile for cell temperatures of 60, 75 and 82 °C and
laser beam diameters of 1.3 and 6.5 mm. The intensity range
covered in the experiment was 0.1-10mW cm~2 for wide
and 0.1-35 mW cm~2 for narrow laser beams. EIT resonances
presented in this paper are obtained after normalizing
measured resonances to the transmission signal away from
Raman resonance. Examples of experimentally obtained EIT
resonances for wide and narrow Gaussian laser beams at three
temperatures are given in figure 2.

As can be seen in figure 2, the amplitudes of Zeeman EIT
increase with cell temperature, and this effect is particularly
strong for narrower laser beams.

The EIT amplitude dependence on overall laser beam
intensity measured at different temperatures, for wide and
narrow laser beams, is shown in figures 3(a) and (b),
respectively. As can be seen, the highest cell temperature
with the smaller laser beam diameter gives the strongest EIT
resonances. Higher temperatures mean larger atomic density
and number of atoms coherently prepared in the dark state. As
the laser beam diameter gets smaller, the contribution of wings
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Figure 3. Experimental dependences of EIT amplitudes on overall
light intensity for Gaussian laser beams of diameter (a) 6.5 mm
and (b) 1.3 mm at temperatures of 60, 75 and 82 °C.

of the Gaussian laser beam to two-photon type resonance like
EIT is enhanced.

In figure 4 the EIT linewidth as a function of laser
intensity at three different cell temperatures is shown for
two Gaussian laser beam diameters. The dependence of EIT
linewidths on laser intensity, for either wide or narrower laser
beams, is apparently independent of cell temperature. Such
behavior of Zeeman EIT with cell temperature is shown in the
pump—probe laser configuration in [10]. Ultra narrow Zeeman
EIT resonances with linewidths below 100 nT were achieved
because of careful elimination of stray magnetic fields inside
the triple antimagnetic shielding surrounding the Rb buffer
gas cell.

4. Summary

We carried out an experimental study of the behavior of EIT
resonances due to Zeeman coherences among sublevels of the
87Rb hyperfine state F, =2 in a Rb buffer gas cell of 8 cm
length, 25 mm diameter and 30 Torr of Ne buffer gas. The
dependence of EIT on laser beam diameter (6.5 and 1.3 mm),
laser intensity (0.1-35mW cm~2) and Rb cell temperature
(60-82 °C) reveals that the highest contrast and amplitude to
linewidth ratios are obtained with the narrower laser beam at
about 5mW cm™2,
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Figure 4. Experimental dependences of EIT linewidth on overall
laser beam intensity for Gaussian laser beams of diameter
(a) 6.5mm and (b) 1.3 mm at three different temperatures.
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Abstract

We investigate the formation of dark-state polaritons in an ensemble of degenerate two-level
atoms admitting electromagnetically induced transparency. Using a generalization of

microscopic equation-of-motion technique, multiple collective polariton modes are identified
depending on the polarizations of two coupling fields. For each mode, the polariton dispersion
relation and composition are obtained in a closed form out of a matrix eigenvalue problem for
arbitrary control field strengths. We illustrate the algorithm by considering the

Fg =2 — Fe = 1 transition of the Dy line in 87Rb atomic vapor. In addition, an application of

dark-state polaritons to the frequency and/or polarization conversion, using D and D>

transitions in cold Rb atoms, is given.

(Some figures may appear in colour only in the online journal)

1. Introduction

At the end of the past century, the novel mechanism of
electromagnetically induced transparency (EIT) [1, 2] and
its many important applications drew a lot of attention.
Nonlinearity of EIT media enables slow, stored and stationary
light [3-5]. Mazets and Matisov were the first to introduce
the concept of adiabatic Raman polaritons that represent
a mixture of photon and collective atomic excitations [6].
Subsequently, Fleischhauer and Lukin further extended
the concept to dark-state polaritons (DSPs) in a A-type
EIT system [7]. They also developed a quantum memory
technique [8] in order to transfer quantum states of photon
wavepackets onto collective Raman excitations in a loss-free
and reversible manner. DSPs in more sophisticated schemes
have been studied, e.g. double-A [9-11], dual-V [12],
inverted-Y [13], four-level [14], tripod [15], M-type [16],
cyclic three-level [17] and multi-A [18, 19]. Collapses and
revivals of the DSP number in an atomic ensemble with
ground state degeneracy were found in [20]. Resonance
beating of light stored using spinor DSPs in a multilevel-
tripod scheme was investigated in [21]. Slow light propagation
in a degenerate two-level system was experimentally
investigated in [22]. DSPs in these various schemes may

1054-660X/13/105202+07$33.00

find applications in quantum information processing, quantum
memory and quantum repeaters. Furthermore, degenerate
atomic systems, due to their inherent complexity, could lead
to new features of DSPs and building blocks for quantum
information and quantum computation.

Most of the works treat DSPs using the perturbative
approach to the field operator equations of motion, followed
by the adiabatic approximation, which was introduced by
Fleischhauer and Lukin. In addition, Zimmer et al [12] also
used the Morris—Shore transformation [23]. Alternatively,
Juzeliunas and Carmichael applied a Bogoliubov-type
transformation for exact diagonalization of the model
Hamiltonian [24]. Chong and Soljacic [9] elegantly derived
the properties of the DSPs in single- and double-A systems
using the Sawada—Brout technique [25]. In this work, we
extend the Sawada—Brout—Chong technique to a degenerate
two-level system, having a ground state manifold g and an
excited state manifold e, that admits the appearance of EIT,
i.e. (multiple) dark states exist within g. We present a general
algorithm to identify multiple DSP modes that works for
an arbitrary number of degenerate states within manifolds g
and e and arbitrary polarizations of two coupling fields. The
approach is illustrated by finding DSPs at D; line transition
Fy =2 — Fe =1 in atomic vapor of 87Rb. It is shown

© 2013 Astro Ltd Printed in the UK & the USA
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 — 1 ¢

Figure 1. Schematic of a degenerate two-level system, having a
ground state manifold g and an excited state manifold e, driven by a
strong classical control field (thick line) of Rabi frequency €2 and by

a weak quantum probe field é (dashed line) of different
polarizations.

that depending on the polarizations of the coupling fields,
one or two DSP modes can be determined. In addition,
it is shown how DSP modes, originating from different
87Rb transitions, can be utilized for frequency and/or linear
polarization conversion.

2. Degenerate two-level system

In this section, we present a general formalism of dark-
state polaritons in a degenerate two-level system. It is a
generalization of the neat approach of [9]. We consider a gas
sample of N atoms, where N is large. Let us denote by H,; the
Hilbert space of the atomic states in the ground state manifold
g and let H, be the Hilbert space of atomic excited states in
the manifold e. The corresponding ground- and excited-state
energies are denoted by fiwg and fiwe, respectively. A strong
classical control field of Rabi frequency € and a weak
quantum probe field &, which differ in polarizations and both
propagate along the z axis, couple the transition g — e (see
figure 1). The corresponding raising and lowering operators of
the control (probe) field, VZ and I7C (Vg and Vp), connect the
states in manifold g to the states in manifold e and vice versa.
We assume that dim H > dim H. holds, so that the system
admits EIT [26]. This assures the existence of the Hilbert
space Hg of the states in manifold g that are dark tothe g — e
transition for the control field [27, 28]. Formally, we can view
the raising operator VJ as a linear mapping \A/;r i Hg — He.
The space Hg is then the null space of the mapping VCT

Mg = {lg) € Hy | ViIg) = 0). (1)

2.1. Model Hamiltonian

We will now present the model Hamiltonian and the dynamics
of the lowest energy excitations of the ensemble of degenerate
two-level atoms. The free atomic Hamiltonian has the form

Hy =) " (hoglly () + heoele(r), )

r
where the summation index r counts the atomic positions,
while I, and I. are the projection operators onto the
states in the manifolds g and e, respectively. The free

photon Hamiltonian, including multiple quantum probe field
modes, is

=Y hodjay, 3)
k

where Ezz and a, are the creation and annihilation operators
of the probe photons with the wavevector k and frequency
wy = clk| ~ weg = we — wg. The atom interaction with the
probe field is given through the minimal coupling Hamiltonian

— Z Z hg,ay exp(ikr) Vg (r) +Hec. )
k r

with coupling constant /ig, = 2 % v dge, Where dg. is the

effective electric dipole moment of the g — e transition, € is
the vacuum permittivity and V is the quantization volume. The
interaction of the atomic ensemble with the classical control
field of the carrier frequency w. ~ weg and the wavevector k.
is of the form

H.(t) = — Z hQ expl—i(wct — ker)IV] (1) + He. ()

For simplicity, we have used the rotating-wave approx-
imation. In addition, for an atomic operator A(r) we define
a Fourier-transformed operatorA(k) =3 rA(r) exp(ikr)/ VN.
Note that (A(k))T = At (—k). Especially, one has 3" A(r) =
«/ﬁA(k = 0). In terms of the Fourier-transformed operators,
various Hamiltonian parts are

Hy = hogV/NIy(k = 0) + hweVNIe(k = 0),  (6a)
Ay =— Z hgV'Na,Vik) +He., (6b)
H.(t) = —hQV/Ne 'Vl (ko) + H.c. (6¢)

The entire Hamiltonian of the ensemble of degenerate
two-level atoms interacting with the probe and the control
field is H(t) = Hy + th + Hp + Hc(t)

2.2. Dark-state polaritons

Now, we focus on the dark-state polaritons in an ensemble of
degenerate two-level atoms. Various features of the method
in [9], which are obvious per se in the case of a simple
A system, need to be properly adapted to the degenerate
two-level system. The additional complexity of the system we
investigate also yields some new inherent requirements.

First of all, we remove the time dependence from the
Hamiltonian A (7) by performing the following unitary gauge
transformation:

By = U.0H0OT (1) — ho, («/ﬁﬁe(k =0) + Z &Zak>

where

U.(t) = exp [iwct<~/ﬁ Ie(k = 0) + Z &2&;()} ®)
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Eventually, we restate the time-dependent Schroedinger
equation i%id;|¢ (1)) = H(1)|¢p (¢)) as

ind,[U.(0lp )] = Br[T.(D16®)]- )

Solutions of (9) can be obtained by finding the energy
eigenstates of the time-independent Hamiltonian Hr.

Assume that the atomic ensemble is initially prepared in
the collective vacuum state with no probe photons |gg, 0) =
lg0) ® |0) = ®/|g0)r ® |0). Analogously with the A system
case [8, 9], the atomic ground state |gg) must be dark with
respect to the control field, i.e.

Vilgo) =0,

or equivalently lgo) € ’Hg. (10)

Additional requirements on the state |go) will be specified
later.

Dark-state polaritons are particular low energy, single
probe photon driven, collective excitations that do not have a
contribution of the excited atomic states. To obtain DSPs, we
look for a polariton excitation operator ¢3,: such that in the low

energy, single excitation case J)kT |go, 0) is an eigenstate of Hr
with the energy /iw (k). This leads to the following relation:

(A1, )] = ho ()] +- -, (11)

where dots represent the terms that are omitted in the single
excitation case and also terms that give zero when acting on
the collective vacuum state |gg, 0). Note that, for notational
simplicity, we keep in mind that all subsequent commutators
always act on the state |gg, 0). In agreement with [8, 9], we
neglect Langevin noise effects, which do not influence the
adiabatic evolution of the DSPs.

Collective atomic excitations are driven by the probe
photons. Hence, we begin by calculating the commutator

[ir. a]] = hwr — we)ay, — hgi/N V] (k). (12)

The states that arise from the interaction with the probe field
are the pure photon excitation Ez,t |€o, 0), and the collective
atomic excitation ‘A/'; (k)|go, 0), up to a normalization constant.
Hence, in addition to &,t the operator Vg (k) is also a member

of the polariton excitation operator qgg Next, we determine the
commutation relation

[Ar, Vi()] = h(weg — 0) Vi (k) — hQ*(V,V]) (k — k)

— Y hgpal, (Vi (k — k). (13)
k/

Note that +/N [A;(k), A2(K)] = [A1, A2](k + k') holds for
any two atomic operators Ay and A,. The new operators,
(V.U (k — ko) and af,(V,Vi)(k — k'), appearing in (13)
yield the collective states via stimulated emission. The former
can readily be included into the polariton excitation operator
qglz It creates the spatially dependent coherence among the

atomic ground states |go) and ‘70 \7; |go), i.e. the ground state
coherence wave. When we commute the latter operator with
Hr, we get the operator &Z,,(VPVE Yk — K )(VPVS YK — k7).
The emergence of such operators of increasing complexity
continues and ends with &Z(N) ]_[fvzl (Vp Vg ) (kD —k(=D), where

k© = k. This case corresponds to a formidably complex DSP
mode that is not tractable. Tractable modes are obtained by
imposing one further requirement on the collective vacuum
state. Namely, it is crucial that upon action Vp \7; |go) we end
up with the state |go), i.e.,

V, Vi 1g0) = Aplgo),
where Ap > 0 is the corresponding eigenvalue. Thus, one

obtains (V, Vi) (k — K)|go. 0) = Ap~/Néy.1go. 0). so that the
relation (13) greatly simplifies to

[Hr, Vi()] = h(weg — o) Vi (k) — hQ*(V V) (k — ke)

(14)

— hgirpv/Naj. (15)

To proceed further, we define the excited atomic state
le) = Vglgo) /\/)Tp associated with the action of the probe
field. Clearly, it has the property ‘7p|e) = \/)Tp |go) and it is an
eigenstate of ‘7; Vp, ie. Vg Vple) = Aple). The eigenstates |go)
and |e) are ‘tuned’ to the polarization of the probe field. These
are so-called polarization-dressed states, first introduced and
used in [28, 29] for problems of interaction of resonant
elliptically polarized light with atomic and molecular energy
levels degenerate in angular momentum projections. Next, let
us consider the commutators

[Ar, (VV) (k= k)] = —hQ(VIV.V)((K),  (16)
and also
[, (VIV.VH 0] = hiweg — 0 (VEV.VH ()
— WL (V VIV VI (k — ko)
— 3 gl (V VIV VN k- K.
k (17

Similar to the discussion of the relation (13), in order to avoid
the appearance of probe photons with all wavevectors, we
require that Vp VCT VC Vg |go) o< |go). That can hold provided that

ViV Vi1g0) = AV} 1g0) ie. VIV le) = Acle), (18)
where A. > 0 is the corresponding eigenvalue. Thus, the
excited atomic state |e) is a common eigenstate of the
operators \7; Vp and ‘A/i Vc. Under such a condition, the relation
(16) becomes

[Ar. (V. VD) (k — k)] = —hQAc V] (), (19)
while (17) turns into
[, (VEVVHW0] = rc[Hr, Vi )], (20)

where the last commutator is found in (15). Hence, under
the previous conditions no new components of the polariton
excitation operator qSZ appear. Stimulated emission, which is
driven by the control field, transfers the atoms from the excited
state |e) into the ground state |f) = f/cle) /~/X¢. The states
|go) and |e) are coupled by the probe field, while the states
le) and |f) are coupled by the control field. Thus, for each
eigenvalue pair (Ap, Ac) the three states |go), |e) and |f) form
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an independent A system that is related to one independent
collective DSP mode. The number of such A systems, i.e.
tractable DSP modes, can be at most equal to the total number
of DSP modes, i.e. to the dimensionality of the dark space Hg.
Now, we collect the necessary commutation relations

[Air. af] = hwr — we)ay — hgi/ NV (k). (21a)
[r, Vi(h)] = h(weg — we) Vi (k) — hgiapv/Na,

— hQ*(V V) (k — ko), (21b)
[Ar. (VV)) (k= k)] = —hQac V] (k). (21c)
so that the polariton excitation operator is of the form

¢ = amal + pun® ., e Pk k) (22)

e
where the band index n enumerates the different polariton
species. Orthonormal collective excitations |gg, 1), |e(k), 0)
and |f(k — k), 0) result from the action of the operators
&Z, \A/;(k)/\/n and (VCVg)(k — ke)//Aphc on the collective
vacuum state |gg, 0), respectively,

lgo, 1k) = @ lgo)r ® |1k), (23a)
1 )
le(k),0) = — > e*le), ® lgo)r ® 10), (23b)
\/N Zr: r'#r

1 .
_ - i(k—ke)r ,
If (k — kc), 0) Vi Er e lfhgrlgo)r ®10). (23¢)

Note that the collective states |e(k), 0) and |f(k — k), O) are
entangled. This enables the usage of the polariton state

|Pnk) = ank|go, 1k) + Bukle(k), 0) + yaurlf (k — kc), 0) (24)

as a resource for quantum information processing [2].

We determine the c-numbers oy, Bux and ypy by inserting
(22) into (11) and make use of (21). This leads to three
self-consistency equations that we can represent in the basis

{180, 1k), le(k), 0), [f (k — k), 0)} as

W — We — gZ\/N 0 Ak Ank
~8kVN weg — e =2 | | Bk | = 0n(®) | Bur |, (25)
0 —Q* 0 VYnk Vnk

where g, = gk\/)Tp and Q = Q+/A¢. Our effective Hamil-
tonian in (25) is similar to the one in [9], but with a
major difference. The effective coupling constant gy and the
effective Rabi frequency €2 differ from the corresponding one
in [9] because of the inclusion of the eigenvalues A and Ac.
The mentioned difference clearly arises as a consequence of
the degenerate two-level atomic system.

The dark-state polaritons are obtained as one of the
solutions of the eigenproblem (25). The other two solutions
are bright-state polaritons, similarly as in [9]. Exactly at
the Raman resonance, w; = wc, there is an eigenvector

. Q . . . .
x [ A 0, l]. This eigenvector has no contribution of

the excited atomic states and represents a stable dark-state
polariton that is insensitive to incoherent decay processes

acting on the excited atoms. Expansion around the resonance
Wy ~ weg and we ~ weg yields a linearized solution for the
dark-state polaritons

122
a)(k) = ~—~(a)k — , ), (26@)
k2N + Q)2 ¢
5 ST‘Z(a)k - a)c)
U= — Vi Br = —————=—Vk. (26)
ZiV/N (32N + |22

An interesting property of the DSP solution is that it only
depends on the Raman detuning w; — wc of the coupling
fields and on the coupling parameters g; and 2. It does
not depend on the energy spacing we; of the underlying
degenerate two-level system.

The algorithm for finding tractable DSP modes in a
degenerate two-level system can be summarized as:

(1) determine the dark space Hg for the operator VCT ;

(2) find all states |gg) from 'Hg and pairs of eigenvalues
(Ap. Ac) such that ¥, Vi |g0) = Aplgo) and ViV, ViIgo) =
e Vi 1g0) hold;

(3) for every such pair of -eigenvalues
[V (Ap, Ac)) from (24) and (26).

obtain DSPs

3. Dark-state polaritons in rubidium vapor

In this section we apply the general formalism to the rubidium
vapor. Control and probe fields couple the hyperfine levels
5812, Fg =2and 5P 5, Fe =1 of 87Rb. The atomic lowering
operators of the control and probe fields are, respectively,

N

V.=V-e, V,=V-e, 27)
where e, and e, are polarizations of the fields. The vector

operator V is defined by [28, 30, 31]

N Je Jo 1
V= (—])F5+Jg+l+1\/(2Fe +D@2Jg+ 1) {Fe Fg I}
g €

1
X Y > (Fg,mgl|Fe, me; 1, q)|Fyg, mg)(Fe, mel€},

q:—l mg,Me

(28)

where I = 3/2 is the nuclear quantum number of 87Rb,
{:::} is the Wigner 6j-symbol and (Fg, mg|Fe, me; 1, q) is
the Clebsch—Gordan coefficient that connects the excited
level state |Fe,me) to the ground level state |Fg,mg) via
polarization e,

1 .
e, = :Fﬁ(exiley), € =¢e, 29)
given in some orthonormal basis of polarization vectors. We
choose the coordinate system such that the fields propagate
along the z axis, and define a basis of Zeeman states relative
to this quantization axis. The bases of the individual Hilbert

spaces He and Hg are

€={|19_1)67|170)e7|171)e}’ (3061)
G =1{12, =2)g, 12, —1)g, 12, 0)g, 12, 1)g, |2, 2)g). (30b)
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‘17_1>6

11,0),

1, 1)e

.
.

|27_2>g |27_1>.¢7 |270>.q ‘27 1>!] |252>g

Figure 2. Zeeman sublevel scheme of the transition

Fyg =2 — F. = 1atthe Dy line of 87Rb. Solid lines denote o~
transitions coupled by the control field while dashed lines denote
o transitions coupled by the probe field.

We will show that according to the appropriate choice of the
polarizations of the coupling fields, one or two DSP modes
can be obtained.

3.1. Case of orthogonal circular polarizations

Let the control field couple o~ transitions, while the probe
field couples o transitions, i.e. e =e and e,=e_; (see
figure 2). The lowering operators of the coupling fields, V,
and Vp, are represented in the basis £ U G with the matrices

033 035

|'—OO
S O Oy

) (3la)

)
OOS‘

S D=

)
)

) (31b)

o o o oy

S O O =
(e}

where zeros 0, , denote rectangular m x n null matrices.
Ground level dark space determined from the null space of
Viis

HY = {12, =2),. 12, —1)g}. (32)

Both dark states are appropriate as the initial state |go). Below
we tabulate the corresponding states and eigenvalues of the A
system:

1go) le) i) Ap Ae
T 2.-2); I1,—1)e [2,0), 1/2 1/12
o 12,-1)g [1,0) 12,1)g 174 1/4,

|17 _1>e

[1,0) |1,1),

|27 _2>g |2a_1>g |270>g ‘27 1>g |272>9

Figure 3. Zeeman sublevel scheme of the transition

Fyg =2 — F. = 1 atthe Dy line of 87Rb. Solid lines denote control
field linearly polarized along the y axis while dashed lines denote

probe field linearly polarized along the x axis.

that lead to two DSP modes:

| 1
k) = ——m— (v — we), 33a
(3) 6|gk|2N+|Q|2( k — @) (33a)
Wl o — == lgh 1) + 'k — k), 0)
V6 giv/N
24/3 Q2 —
_ MWIUC),O)’ (33b)
6 lgkI2N + |92
1l 12
w (k)= ———— — s 34a
(k) |gk|2N+|9|2<wk we) (34a)
[y o —i|g8, 1) + [k — ke), 0)
8kvN
2 Q(wr — wc) I
- =€ k), 0). (34b)
lgkI2N + |22

We see that for orthogonal circular polarizations of the
coupling fields, the maximal number of tractable DSP modes
exists. This is the generic case, because relevant independent
A system(s) can be easily recognized.

3.2. Case of orthogonal linear polarizations

Now we analyze the case of the control field polarization
along the y axis and the probe field polarization along the
X axis, i.e. e, = e, and e, =e, (see figure 3). The matrices
representing the atomic lowering operators \A/C and Vp in the
basis £ U G are

B 033 0357
1
3 ? 0
0 - o0
V=i 1 265 1 ) (35a)
26 26 05
0 ;1= 0
L0 0 3 i
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i 033 0357
1
: 00
0 —= 0
Vv, = G (35b)
“as O avs s
0 3% Ol
L 0 0 -3 i
In this case, the ground level dark space is
HY = —1|2—1>+ 1|21>
g \/E ’ g ﬁ 9 g
1 V3 1
—12, =2)g — —-12,0)g + —=12, 2)g, ¢, (36)
ﬁ g 2 g ﬁ g

but only the first dark state satisfies all necessary conditions
for the vacuum state of the tractable mode. The states and
eigenvalues of the corresponding A system are

1go) = —%IZ —Deg+ %Il Dy,
le) = Ill, 0)es | 37a)
Iy = EIZ, —1g + EIZ, g,
Ap = 1/4, Ac = 1/4.
We identify one DSP mode
w(k) = L(wk — ), (38a)
|gk*N + 1212
Q
Vi) o _ngIV'gO’ L) + [f (k — ke), 0)
_ 2Q(wx —we) ) (38b)

e(k),0
gkl >N + IQI2| ®

while the other one is non-tractable.

From the above examples, it can be seen that the choice of
the polarization of the coupling fields yields entirely different
DSP modes. This is reflected in the composition of the DSP
state as well as in the polariton dispersion relation. Note
that different polariton dispersion relations would lead to
distinct slow light group velocities. In section 4 we outline one
possible application of DSP modes in degenerate two-level
systems for frequency and/or linear polarization conversion.

4. Frequency and polarization conversion

Let us consider the DSP modes that can be formed from the
states within 58,2, Fg = 1 hyperfine level of 87Rb atoms,
when the control and the probe field have orthogonal linear
polarizations. There are three relevant atomic transitions:

(@) 5812, Fg=1— 5Pp2, Fe =1,
(b) 5812, Fg =1 — 5P3p3, Fe =1,
(c) 551/2, Fy = 1 — 5P3/2, F.=0.

The first belongs to the D line. The last two belong to the D,
line and can be rendered non-overlapping by using ultracold
rubidium atoms.

In the case of orthogonal linear polarizations e, = e, and
e = e, of the fields that are resonant to the D line transition
(a), we have

1 1
= —-——|1, -1 —I1, I)g,
1g0) «/§| Jet «/§| Je
le) = [1,0)e,
1 = 1)y —(1, 1),
r) ﬁ' de + ﬁl e
Ap = 1/12, Ac=1/12.

When considering the D, line transition (b) with the same
polarizations of the coupling fields as in the previous case,

e. =e and e, =e,, we find

o) = =511 —Dg + =11 Dy
le) = Ill, 0)e, | (40a)
Iy = EIL —1)e+ Ell, Dy,
Ap = 5/24, Ac =5/24.
Finally, for the swapped linear polarizations, e, = e, and

e, =e, of the fields coupling the D; line transition (c), we

have
1 1
1go) = _Euv_l)g‘i‘ EH’ e,
le) = IOI, 0)e, | @41a)
i) = Ell,—l)ngﬁll,l)g,
Ap = 1/6, Ac = 1/6.

Note, if the polarizations of the fields had not been swapped,
the states |go) and |f) would have been interchanged.

As can be seen from (39) to (41), the DSP modes
are formed from the same states |go) and |f) in all three
cases, but the considered transitions and polarizations of the
coupling fields are different. This provides the possibility
for frequency [32, 18] and/or polarization conversion [33]
of linearly polarized light. First, one can store a pulse of
the probe light polarized along the y axis into the atomic
coherence among the states |gg) and |f) using the transition
(a) and the control field polarized along the x axis. The
retrieval process, using the transition (b) and the control
field polarized along the x axis, would release the pulse at
a different frequency, but of the same optical quantum state
and polarization along the y axis as the original probe pulse.
However, the pulse retrieved using the transition (c) and the
control field polarized along the y axis would be in the same
optical quantum state as the original probe pulse, but of
different carrier frequency and linear polarization along the
X axis, i.e. orthogonal to the original one. Moreover, this
realization does not suffer from losses in the retrieved pulse,
since the ratios of the probe and control Clebsch—Gordan
coefficients are the same among all three transitions [33].
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5. Conclusion

To sum up, we have investigated the formation of dark-state
polaritons in an ensemble of degenerate two-level atoms
with ground state Hilbert space H, and excited state
Hilbert space He, where dim’H,; > dimH. holds. We
elaborated an algorithm, which is a generalization of the
Sawada—Brout-Chong approach [9, 25]. Under suitable
conditions, the polariton mode dispersion relation and
composition can be stated in a closed form. Such DSPs do
not depend on the energy spacing of the two-level system,
but rather on the Raman detuning of the coupling fields. For
each polariton mode, the effective field coupling parameters
depend on the appropriate eigenvalues of the atomic operators
\A/g Vp and V{ V. that determine the eigenproblem for the
polariton species. The application of the general procedure
is given for 3’Rb atomic transition Fg=2— F.=1 of
the D line. Two cases of polarizations of the control and
probe field are analyzed, when the two fields have orthogonal
circular polarizations and when both are linearly polarized in
the orthogonal directions. In the former case, two DSP modes
are identified, while in the latter case, only one DSP mode
can be determined. The formation of the modes as well as
their dispersion relation critically depend on the polarizations
chosen. Possible application of DSP modes in ultracold 8’Rb
atoms for frequency and/or linear polarization conversion
without losses in the retrieved pulse is presented. Our
algorithm can be extended to degenerate systems with more
levels and might have applications in quantum information
processing as a building block for a preparation and read out
schemes with the DSPs as qubit states.
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Abstract

Experimental and theoretical analyses show the effect of laser beam radial intensity
distribution on line-shapes and line-widths of the electromagnetically induced transparency
(EIT). We used Gaussian and I (flat top) laser beam profiles, coupling the D, transition of
87Rb atoms in the vacuum cell in the Hanle experimental configuration. We obtained
non-Lorentzian EIT line-shapes for a Gaussian laser beam, while line-shapes for a IT laser
beam profile are very well approximated with Lorentzian. EIT line-widths, lower for Gaussian
than for IT, show nonlinear dependence on laser intensity for both laser beam profiles. EIT
amplitudes have similar values and dependence on laser intensity for both laser beams,
showing the maximum at around 0.8 mW cm™~2. Differences between the EIT line-shapes for
the two profiles are mainly due to distinct physical processes governing atomic evolution in the
rim of the laser beam, as suggested from the EIT obtained from the various segments of the
laser beam cross-section.

(Some figures may appear in colour only in the online journal)

doi:10.1088/0953-4075/46/17/175501

1. Introduction

Electromagnetically induced transparency (EIT) [1-3], an
effect causing the narrow coherent resonance in a laser
transmission through the atomic vapour media, is essential for
subjects like slow light and storage of light [4], lasing without
inversion [5], frequency mixing [6], Kerr nonlinearities [ 7], etc.
The importance of EIT has become evident after several recent
applications, including the development of atomic frequency
standards [8, 9] and magnetometers [10, 11]. Prior to EIT,
magneto-optical effects, like the ground-state Hanle effect
and nonlinear Faraday effect, were studied and their possible
application in extremely low magnetic field measurements was
shown [12-15]. EIT resonance line-shape and line-width are
of interest for many EIT applications. EIT line-shape in alkali
vapours contained in gas cells is altered from the fundamental
Lorentzian shape of atomic resonances by several factors. In

0953-4075/13/175501+08$33.00

addition to power broadening, thermal motion of atoms in
vacuum cells affects the shape of EIT resonance through a
transient evolution of the state of the atoms passing through
the laser beam [16—18]. The investigation of the temporal
evolution of the optical pumping into a dark state in an atomic
beam, with special attention given to the influence of the weak
external magnetic field, has been performed in [19]. Studies
of EIT dependence on laser beam radius [20], laser intensity
[21, 22] and radial profile of the laser intensity [16, 23-26]
were performed. Recent experiments have shown effects of
different laser modes i.e. a Laguerre—Gaussian laser beam gave
narrower EIT than a Gaussian laser beam [27]. In buffer gas
cells, filled with a mixture of alkali atoms and inert gas at
several Torr, EIT line-shapes are influenced by diffusion of
the alkali atoms in and out of a laser beam. Such repeated
interaction effectively enables Ramsey-induced narrowing
and non-Lorentzian EIT line-shape in media where Doppler

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. (a) Experimental setup: ECDL—external cavity diode laser; DDAVLL—Doppler-free dichroic atomic vapour laser lock;
SMF—single-mode fiber; P—polarizer; BE—beam expander; PD—Ilarge area photo diode. For certain measurements the small aperture on
the translation stage is placed in the laser beam allowing only a selected part of the laser beam cross-section to reach the detector, while the
rest of the laser beam is blocked. I1-shaped beam profiles were recorded by a beam profiler placed at 3 cm (b) and 30 cm (c) from the 3 mm
circular aperture. (b) The dashed (red) curve is the profile of the Gaussian laser beam of the same power and diameter as the IT-shaped
beam. Note that, in order to have the same overall power of the two laser beams, the peak of the Gaussian beam in the present graph has to
have double the value of the flat region of the IT-shaped beam if the diameter of the Gaussian beam is measured at 1/¢? of the peak intensity.

broadening is not influential (see [28, 29] and references
therein).

Theoretical studies of EIT line-shapes in vacuum cells
were mainly carried out assuming a I (flat top) function
for the radial intensity distribution of the laser radiation (see
[21] and references therein). Measurements of the EIT line-
width as a function of the laser intensity [22], performed with
the Gaussian laser beam, show different EIT behaviour with
laser intensity than theory [21]— theory predicts wider EIT
resonances than experiment, with the discrepancy increasing
with the laser intensity. The importance of the laser beam
profile on the EIT was indeed demonstrated theoretically for
the vacuum [26] and the buffer gas cells [23-25]. Our previous
studies have shown that the evolution of the states of the atoms
passing through laser beams of different profiles is governed by
distinct physical processes [17, 18]. Consequently, line-shapes
of EIT resonances obtained from various segments of the laser
beam cross-section reflect these differences. It is expected that
line-shapes of EIT resonances obtained by detecting whole
laser beams of different profiles should also present distinct
properties. However, there are no detailed investigations of this
kind for vacuum alkali-metal vapour cells. In this work we
confirm that the mentioned difference in physical processes
significantly affects the overall EIT resonance line-shapes.
Besides the results of [17, 18], here we take into account
relative amplitudes of EIT resonances from various segments
of the laser beam cross-section. The goal of this work is to
show how laser intensity affects: (a) differences between the
whole beam EIT resonances that are obtained using two laser
profiles, (b) contribution of EIT resonances from different parts
of the laser beam cross-section to the whole beam EIT and

(c) necessity of using a realistic laser beam profile in
calculations for proper modelling of experimental results.

The present study is concerned with the radial intensity
distribution effects of the laser beam on Zeeman EIT line-
shapes in 3’Rb contained in a vacuum cell. The study was
performed using the Hanle technique. EIT resonances are due
to Zeeman coherences developed in the f; = 2 hyperfine
level of ®Rb by using resonant laser light that couples
the F; = 2 level to the excited hyperfine level F, = 1.
We have investigated the dependence of the EIT line-widths
and amplitudes on the laser beam profile for a wide range
of laser intensities, 0.1-4 mW cm™2. Experimental results
are compared with the results of the theoretical model that
calculates the density matrix elements by taking into account
all of the Rb atomic levels (with Zeeman sublevels) that are
resonantly coupled by the laser light.

2. Experiment

The Zeeman EIT experiment employs a single laser whose
radiation frequency and polarization are stable and well
controlled. Essential for Zeeman EIT measurements is the
elimination of laboratory stray magnetic fields, and creation
of a variable, homogeneous magnetic field over the entire
volume of the Rb cell, directed along the axis of the cell.
For the present studies, a careful control of the laser diameter
and radial distribution of laser radiation is also necessary. A
schematic of the experiment is given in figure 1. We used
the extended cavity diode laser whose frequency is stabilized
to the F;, = 2 — F, = 1 transition of the D; line in
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Figure 2. Zeeman sublevels scheme in #’Rb at the D line. The solid
lines denote coupling with o™ and o~ components of the linearly
polarized laser light. Dashed lines represent spontaneous emission.

87Rb, where F, and F, represent the angular momenta of the
ground- and excited-state hyperfine levels, respectively. The
stabilization scheme is based on the Doppler-free dichroic
atomic vapour laser locktechnique [30, 31]. The laser beam is
linearly polarized.

The laser beam with Gaussian radial intensity dependence,
and 3 mm diameter (measured at 1/e* of the peak intensity),
is obtained by the single-mode optical fibre, beam collimator
and beam expander. For the IT distribution of the laser beam
intensity along its radius, the laser beam behind the fibre is first
expanded to about 20 mm, and then the circular diaphragm of
3 mm in diameter is placed over the central part of the laser
beam. We used thin foil with a 3 mm hole to obtain the IT
profile of laser radiation over the entire length of the Rb cell.
The laser beam profile, measured with the commercial beam
profilometer, which we consider as the IT radial profile, is
given in figures 1(b) and (c), at different distances from the
aperture (3 and 30 cm, respectively). In the experiment, this
aperture is at the entrance cell window. Laser beam intensity
is controlled by the variable neutral density filter. The vacuum
Rb vapour cell is 5 cm long and 25 mm in diameter, and is
held at room temperature.

The solenoid surrounding the Rb cell produces the
magnetic field for the Hanle experiment in the range of
4100 uT. In order to minimize the stray magnetic fields in the
interaction volume, the solenoid and cell are placed inside the
triple layered p-metal. Intensity of the transmitted laser light,
as a function of the magnetic field, is detected by the large
area photo diode and recorded by the storage oscilloscope.
With the small aperture (0.5 mm in diameter) placed in front
of the photo diode (with 10 mm in diameter), which we can
move along the laser diameter, we were able to obtain EIT
resonances only from a small cylindrical segment of the well
collimated laser beam.

3. Theoretical model

Zeeman EIT resonances were calculated for the D; line
transition between hyperfine levels of ¥Rb coupled by a
linearly polarized laser. The energy level diagram given in
figure 2 shows hyperfine levels either coupled to the laser light
or populated due to spontaneous emission. The quantization
axis is chosen to be parallel to the external magnetic field. The
complete magnetic sublevels structure of the transition f, =
2 — F, = 1 is considered in the calculations. The theoretical
model is based on time-dependent optical Bloch equations for

the density matrix of a moving atom assuming purely radiative
relaxation. Equations for density matrix elements related to
the ground level F, = 1 are excluded since that level is not
coupled by the laser. For additional details about the resulting
equations please refer to [18, 26]. It is assumed that after
colliding with cell walls, atoms reset into an internal state
with equally populated ground magnetic sublevels. Between
collisions with cell walls, rubidium atoms interact only with
the axially oriented homogeneous magnetic field and spatially
dependent laser electric field. Collisions among Rb atoms
are negligible due to very low Rb vapour pressure at room
temperature, so that an atom moves through the laser beam
with constant velocity v = vy + vy, where v and v, are
longitudinal and transverse velocity components, respectively,
with regard to the laser propagation direction. The former
affects the longitudinal direction of the atomic trajectory and
Doppler shift of the laser frequency seen by a moving atom,
while the latter determines the transverse direction of the
trajectory and the interaction time. The dependence of the
laser intensity on the radial distance » for a Gaussian and
IT-shaped profile were modelled using the following equations

1Gauss (r) = 2l_exp (_2 },,2/’,.(2))’ 1
In(r) = Ta(l + erf(p(ry — 1)))? M)

where rq is the beam radius, 7 is the beam intensity (total laser
power divided by r(z)n), a is the normalization constant and p is
a positive parameter affecting the steepness of the profile near
r = ro. In our calculations we neglect longitudinal changes
of the beam profile compared to transverse ones so that only
the transverse direction of the trajectory matters. From the
reference frame of the moving atom, the electric field varies
and the rate of variation depends only on v;. Assume that
the transverse projection of the atomic trajectory is given by
ri(t) =ro. +v,t, wherery, isthe perpendicular component
of the atom position vector at ¢ = 0. The temporal variation of
the laser intensity seen by the atom is given by

It) =1(r (1) = 1(roL +v110), 2

representing the spatial laser intensity variation along the
trajectory of the atom in the laboratory frame. Additionally,
due to the cylindrical symmetry of the beam profile, spatial
dependence becomes purely radial dependence.

The observed resonances in EIT experiments are a
probabilistic average of the contributions of many individual,
mutually non-interacting atoms. Rb atoms traverse the
laser beam at different trajectories with different velocities.
Maxwell-Boltzmann velocity distribution, diversity of atomic
trajectories, the custom cylindrical symmetric radial profile
of the laser electric field, effects of the laser propagation along
the cell and induced atomic polarization of the Rb vapour are
treated similarly as in [18, 26]. The cell temperature was set
to room temperature as in the experiment.

4. Results and discussion

In this section we compare EIT resonances obtained with
two laser beam profiles in vacuum Rb gas cells. Previous
comparisons between the EIT resonances obtained with
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Figure 3. (a) Experimental and (b) theoretical Zeeman EIT resonances obtained by Gaussian and IT laser beam profiles. Laser intensity is

4 mW cm~2 and the laser beam diameter is 3 mm for both profiles.
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Figure 4. Experimental Zeeman EIT resonances and their Lorentzian fits for the (a) Gaussian and (b) IT laser beam profile. The resonances
are obtained under the same conditions like in figure 3(a). Insets show the resonances in the vicinity of their peaks. Residuals, obtained as
the difference between the raw data and the corresponding fit, for Gaussian and IT profiles are given in (c) and (d), respectively.

Gaussian and IT laser beam profiles were performed for alkali
atoms in buffer gas cells [23-25]. It was calculated, assuming
motionless atoms, that EIT line-shapes obtained with a IT laser
beam profile are pure Lorentzian. It was also found that the
resonances line-shapes are narrower for the Gaussian than for
the IT laser beam profile [25]. On the other hand, analysis of
the effects of the laser beam shape on EIT in vacuum Rb cells
was treated only theoretically [26].

Our EIT resonances were obtained by measuring and
calculating the laser transmission as a function of the
scanning longitudinal magnetic field, for the Gaussian and
the IT laser radial profiles, and for the laser intensity range
0.1-4 mW cm™2. The laser is locked to the Fo=2—->F =1
transition of the 3’Rb D, line. Figure 3 shows measured

and calculated resonances for two laser profiles at the laser
intensity of 4 mW cm™2. The EIT line-widths and amplitudes,
shown and discussed below, were extracted from resonances
like these in figure 3, normalized at their maximum values.
As seen in figure 3, EIT resonance obtained with the Gaussian
laser beam is narrower than the one obtained with the IT laser
beam.

If the relaxation of atomic coherences is determined by the
radiative decay or by atomic collisions, the line-shapes of the
magneto-optical resonances are Lorentzian [16, 23-25, 32].
Experimental resonances and their Lorentzian fits, for the
two laser beam profiles, are given in figures 4(a) and (b).
It is apparent from these figures, and from residuals between
the data and the fits, given in figures 4(c) and (d), that the
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Lorentzian function can better fit the resonance with the I1
laser beam profile than with the Gaussian profile. This is
particularly the case in the vicinity of a resonance peak, as
shown in the insets of figures 4(a) and (b). Corresponding
R-square factors, representing the fit goodness, are Rgayss =
0.998 71 and Ry = 0.999 341. These differences between the
two profiles remain for all laser intensities.

Figure 4 shows that in an effusive regime of the vacuum
cell, the Gaussian laser beam profile gives the EIT line-shape
that is narrower in the vicinity of the resonance peak than pure
Lorentzian. This is in accordance with the previous results [16]
and could be attributed to the time of flight and Ramsey-like
narrowing during the free atomic passage through the Gaussian
laser beam [17]. In buffer gas cells and diffusive regimes, non-
Lorentzian shape (similar to figure 4(a)) is also observed due
to the Ramsey effect. However, in buffer gas cells, the Ramsey
type narrowing occurs because coherently prepared atoms,
after leaving the laser beam and spending time outside of the
beam, come back into the laser beam [28]. Line-shapes of
the EIT resonances obtained with the IT laser beam profile
are Lorentzian. In the case of the I1 laser beam profile, laser
intensity is constant during the atomic passage through the

—~
o
N

275uT

0.6

Integrated fluorescence [arb. units]

T

00 05
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beam and there is no Ramsey-like narrowing like in the case
of the Gaussian beam [17]. In figure 5 we present variations of
EIT line-widths with the laser intensity for the two laser beam
profiles. As the laser intensity increases the difference between
the corresponding EIT line-widths also increases. Theoretical
results show very good agreement with the experiment, both
qualitatively and quantitatively. For the entire range of laser
intensities EIT line-width increases nonlinearly with intensity,
but the slope decreases at higher laser powers. This increase in
line-width is due to power broadening. For the range of laser
intensities as in this work, analytical results, based on the three-
level atomic system, predicted square root dependence on laser
intensity [21]. What we have observed in the vacuum gas cell
is different from line-width dependence on laser intensity in
buffer gas cells where the linear dependence of line-width on
the laser intensity is reported [25, 33-35].

Without entering into details of the atom—laser interaction
for particular laser beam profile, one can give a qualitative
argument as to why a I1-shaped laser beam yields broader
resonances than the Gaussian laser beam. In vacuum cells
Rb atoms traverse a laser beam without collisions and along
straight lines. During the transit through the laser beam, the
atomic state is influenced by both the laser electric field and
the external magnetic field. The laser electric field prepares the
atoms into a dark state determined by the laser polarization.
In such a state, absorption probability of the laser light is
minimal—a manifestation of EIT. The external magnetic field
introduces oscillations of the atomic Zeeman ground-state
coherences at the corresponding Larmor frequencies, and also
degrades the dark state. At low laser intensities, the influence
of the magnetic field is more significant, and the dark atomic
state degrades more easily. The omnichanging electric field of
the Gaussian laser beam decreases the robustness of the dark
state with respect to the external magnetic field. If the dark
state is more robust, the transmission decreases more slowly
with the magnetic field. Therefore, greater robustness of the
EIT with respect to the external magnetic field requires a larger
magnetic field to halve the peak transmission and hence yields
larger EIT line-widths for the IT-shaped beam than for the
Gaussian beam.

Differences in robustness of dark atomic states for the
two beam profiles are illustrated in figure 6. We present
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Figure 6. Integrated fluorescence along the atomic trajectory during the atomic passage through (a) Gaussian and (b) IT laser beam at

different magnetic fields (given by numbers below each curve). Laser intensity is 4 mW cm~2 and radial atomic velocity 180 m s
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Figure 7. Experimental EIT obtained from only a small circular portion (0.5 mm in diameter) of the laser beam transmitted through the
Rb cell when this portion is (a) on the beam axis (» = 0.0 mm) and (b) near the beam edge (» = 1.5 mm).

fluorescence calculated from the total population of excited
Zeeman sublevels of the F, = 1 hyperfine level, integrated
along the atomic trajectory that passes through the beam centre,
for several values of the external magnetic field. We assume
that atom enters the laser beam from the left side with a radial
atomic velocity of 180 m s~!, which is the most probable in
room temperature Rb vapour. From the curves corresponding
to the same magnetic fields, it is apparent that the integrated
atomic fluorescence, at the exit of an atom from the laser
beam, has increased more for the Gaussian profile than for the
IT profile.

In figure 7 we show the EIT obtained by detecting
only a portion of the laser beam, defined by (movable)
aperture placed in front of the large area photo diode (see
section 2 for details). This aperture is centred on the beam axis
(r = 0.0 mm) for the resonances in figure 7(a), and is near
the beam edge (» = 1.5 mm) for data in figure 7(b). The EIT
resonances obtained near the centre of the laser beam are very
similar for two laser beam profiles. A large difference exists
between EIT measured with the aperture near the beam edges
of these two beam profiles. The Gaussian laser beam produces
much narrower Zeeman EIT resonances near its edge than the
[T-shaped beam.

Further understanding of what causes different EIT line-
widths with two laser beam profiles can be obtained from
measurements and calculations of EIT amplitudes at various
distances from the beam axis, presented in figures 8(a)—(d).
Results are given for two laser beam profiles and for two laser
intensities. Amplitudes of EIT resonances are increasing with
the distance from the beam axis for both beam profiles, which
is more pronounced at higher laser intensities. Amplitudes are
the highest in the beam segments that have a high geometrical
contribution to the total laser beam cross-section. As seen in
figure 7, these are also the segments where the resonances for
the Gaussian beam are much narrower than for the IT beam
profile. Thus, the results of figures 7 and 8 show that the outer
parts of the laser beam cross-section are primarily responsible
for the observed differences between EIT line-widths obtained
with the two laser beam profiles. Physical mechanisms leading
to such differences are explained in detail in [17, 18].

Next, we show the behaviour of the EIT amplitudes
obtained with the entire Gaussian and IT laser beams. In
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Figure 8. Experimental (a) and (c), and theoretical (b) and (d)
amplitudes of the Zeeman EIT resonances obtained at different
positions of small aperture along the laser beam radius for the two
laser beam profiles.

figure 9 we present measured and calculated EIT amplitudes
as a function of the laser intensity. As seen in figure 9, there are
no essential differences between EIT amplitudes obtained with
the two laser beams. At lower intensities EIT amplitudes show
a steep, nearly linear increase with intensity, like in buffer gas
cells [36]. The decrease in EIT amplitudes above ~1 mW cm ™2
is caused by the increase of the population loss due to optical
pumping to the F; = 1 hyperfine level of the Rb ground state,
which is not coupled by the laser. Indeed, when the re-pumper
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is used to bring the population back to F; = 2 as in [37], the
contrast of the amplitudes increases considerably. Figures 9(a)
and (b) also show good agreement between experiment and
theory.

5. Conclusion

We have demonstrated substantial differences between
Zeeman EIT line-shapes and line-widths obtained using two
laser radial intensity profiles: Gaussian profile—frequently
used in experiments, and I1-shaped laser radial distribution—
common in theoretical calculations. Our work is concerned
with the effects of these two laser radial profiles on EIT,
generated in the Hanle configuration by laser coupling
Fy = 2 — F, = 1 hyperfine levels in 8’Rb atoms in
vacuum gas cells. We have shown theoretically and confirmed
experimentally the different line-shapes of EIT resonances:
those obtained with IT laser beam are very well approximated
with Lorentzian, while the Gaussian laser beam profile gives
non-Lorentzian Zeeman EIT resonances. EIT resonances are
wider for the IT laser beam than for the Gaussian laser beam
profile and this difference becomes larger as the laser intensity
increases. The study is performed for laser intensities up to
4 mW cm~2. We have shown that major differences in line-
widths between two laser profiles are in the regions near the rim
ofthe laser beams. The differences in line-shapes are attributed
to different physical processes that Rb atoms undergo during
the interaction with the two laser beam profiles. In the wings of
the Gaussian laser beam, a Ramsey-like effect can reshape EIT
resonances with respect to those near the laser beam centre, as
shown in [16, 17]. For the IT profile, optical pumping to the
uncoupled ground level dominantly influences the line-shape
[18]. The theory demonstrates that the atomic dark state is
more sensitive to magnetic field when the atoms are traversing
the Gaussian laser beam than when passing through a constant
intensity field of the IT laser beam. Larger sensitivity of the
atomic dark state to magnetic field variation implies narrower
Zeeman EIT line-shapes. The increase of EIT line-widths
with the laser intensity is square-root-like for both profiles.
Amplitudes of the EIT increase linearly for a laser intensity

up to 0.8 mW cm~2 for both profiles and decrease at higher
intensities due to pumping to the F, = 1 hyperfine level of
87Rb. Observed dependence of line-widths and amplitudes of
the EIT with the laser intensity in vacuum gas cells is different
from previous results in buffer gas cells.
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